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Century of Consolidation Research
It was William James (1842-1910) who first suggested that our thoughts have a spontaneous 
tendency to return to consciousness after distraction, without which we may never complete 
a train of thought. Soon Müller and Pilzecker’s experiments in 1900 [1, 2] revealed that 
this ‘reproductive’ tendency of our thoughts might be the basis of memory formation and 
perseveration in our brain. They showed that the memory of newly learned information is 
fragile at the time of learning, and susceptible to disruption by subsequent learning of other 
information, a phenomenon they termed as “Retroactive Inhibition”. Minimal “mental effort” 
and long delays between successive learning sessions allow for better associations between 
the features and elements of our memory. They suggested that neurobiological formation of 
memory involved two steps, now referred to as the “Reactivation-Consolidation Hypothesis”: 
initially memories reverberate in a labile form, and gradually strengthen into a resilient form. 
 It has been a century since Müller and Pilzecker’s experiments, and our understanding 
of memory formation, stabilization and forgetting has improved tremendously. We now know 
that the hippocampus is critical for initial memory encoding, while hippocampal-neocortical 
interaction is necessary for restructuring and long-term storage of memories [3, 4]. During 
periods of inactivity such as sleep, patterns of cellular activity present during a learning 
experience are “replayed” in the hippocampus [5-7] and the cortex [8-10]. Coordinated 
reactivation between hippocampal and neocortical networks has been identified as a suitable 
mechanism for transfer of memories from temporary hippocampal store to more permanent 
neocortical stores [8, 11]. Research in both rodents and humans has shown that such experience-
induced reactivation during sleep supports long-term memory consolidation [12, 13]. In fact, 
memories can also be reactivated and altered during sleep by the presentation of related odors 
and sounds in the background [14, 15]. With such advances, a high volume of research is 
being dedicated to understanding the effect of different mental states and mental activities on 
post-encoding consolidation.
Resting State Consolidation
Since the turn of the 21st century, researchers have started exploring the possibility that 
periods of quiet wakeful rest could support long-term memory consolidation. Behavioral 
research by Dela Sala and colleagues found evidence suggesting that patients with severe 
amnesia are more likely to remember recently learned material when the delay period 
intervening learning and recall was occupied by wakeful rest in a quiet darkened room, as 
compared to engaging in irrelevant tasks such as cognitive tests or picture-naming tasks 
[16, 17]. Even in healthy controls, resting state seems to enhance the retention of previously 
learned material as compared to tasks like simple mental arithmetic, spot-the-difference 
and tone-detection [18]. 
At the same time, preliminary evidence for consolidation-promoting activity during rest 
also came from neuroimaging studies showing reappearance of prior experience-induced 
hippocampal and cortical activity [13], and correlations of blood oxygen level-dependent 
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(BOLD) signal between the hippocampus and the cortex [19] during the post-task wakeful 
period. In 2010, the first direct evidence for the connection between these correlations and 
memory consolidation came from a study by Tambini et al. [20]. This study extended previous 
work by showing that learning-related hippocampal-cortical connectivity (as measured by 
BOLD correlations) is enhanced during the post-learning rest period as compared to the 
pre-learning (baseline) rest period. Critically, they also showed that differences in post-
learning connectivity strength can predict individual differences in subsequent memory 
of learned material. Since then many different techniques – EEG [21], diffusion-weighted 
imaging [22], psychophysics [23], and multi-voxel pattern analysis [24] – have been used to 
demonstrate the benefits of resting-state consolidation in humans. 
Mental Effort or Material Specificity
Whereas the benefits of wakeful rest on memory consolidation have been well established 
by research, the issue of Retroactive Inhibition, also known as Retroactive Interference, has 
been less well studied. Even though Müller and Pilzecker’s experiments provided some 
evidence that post-learning mental activity is detrimental to the fate of the learned items, 
they did not clearly define the specific nature of such activity [1, 2]. For instance, in one of 
their experiments, participants were first asked to learn nonsense syllable pairs and then look 
at visually presented pictures while describing them. In line with their other experiments, 
subsequent recall of learned syllables significantly dropped in this condition, as compared 
to those learned prior to the control (rest) condition. However, there could be factors other 
than mental effort that may have caused interference in this case – verbally describing the 
interpolated pictures could directly interfere with the verbal stimuli or the mere presence 
of salient stimuli could have caused unintentional memory encoding that could interrupt 
ongoing consolidation. 
For such reasons, it was unclear whether interference caused by an interpolated task 
was due to general mental effort or some sort of material-specific effects. Dewar et al., [18] 
investigated such issues by using post-encoding tasks that had no item-specific or modality-
specific similarity with the learned material. Their experiments involved passive viewing of 
pictures or listening to audio fragments so as to reduce crossmodality-based interference; a 
spot-the-difference task to reduce intentional memory-based interference; mental arithmetic 
to reduce interference from meaningful information; and tone-detection to reduce mental 
effort altogether. Across all these experiments a significant effect of retroactive interference 
was found as compared to the quiet-rest condition. This line of research reinvigorated Müller 
and Pilzecker’s work [1, 2] and showed that the absence of mental effort benefits memory 
consolidation regardless of memoranda, intentionality of learning or the nature of intervening 
tasks.
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Mental Effort or Internal Memory Processing
Despite Dewar et al.’s experiments, there was one caveat to the “mental effort” hypothesis. 
Namely, if interference can be caused by mental effort, then any learning-unrelated thoughts 
triggered by the environment should also cause similar type of interference. In the absence of an 
explicit task, thoughts can often wander off to images, voices, feelings, worries, recollections 
of the past or future planning [25]. Such autobiographical memory processing involves the 
same neural circuits as necessary for memory encoding, retrieval and consolidation [26-28]. 
Therefore, even in the absence of an explicit task such as during rest, memory consolidation 
during the post-learning period could be negatively affected by the mental effort induced by 
spontaneous autobiographical thoughts. To test this possibility, Craig et al., [29] conducted 
an experiment comparing memory retention across two delays – one involving a quiet rest 
period and another where participants passively listened to familiar, meaningful sounds 
(e.g., cat’s meow) during the post-learning period, without any instructions to attend to 
these sounds. Similar to all other interference tasks, results showed a reduction in memory 
performance of items learned prior to the presentation of the familiar sounds. Critically, the 
interference effect disappeared when familiar sounds were replaced by meaningless bangs. 
A self-report questionnaire further revealed that participants had spontaneous thoughts about 
the presented sounds, and that the richness of such thoughts was negatively correlated with 
the memory retention of previously learned words. As described in the next section, these 
studies highlight several important issues when considering the mental effort hypothesis for 
interference to ongoing memory consolidation.
Retracing Mental Effort
Firstly, mental effort may not interfere with ongoing consolidation if the associated activity 
triggers thoughts related to the learned stimuli. There is ample evidence suggesting that 
consciously thinking about learned items or rehearsal is beneficial for long-term memory 
retention [30, 31]. Researchers have also hypothesized that daydreaming about current 
events and learned experiences may contribute to memory consolidation [32], in the same 
way as dreams do during sleep [33, 34]. Reduction in daydreaming tendency could also be 
one of the reasons behind reduced memory function in advanced age [35-37]. It should be 
noted that despite some evidence for rehearsal during periods of post-encoding rest [29, 38], 
studies show that rehearsal is not as critical for consolidation as the process of reactivation 
[39, 40]. Nonetheless, it is possible that as compared to interference tasks, such as spot-
the-difference or mental-arithmetic etc., the high opportunity available for rehearsal during 
the post-encoding rest might contribute to memory consolidation, despite the mental effort 
it takes. 
Secondly, mental effort may interfere with ongoing consolidation if the associated 
activity involves meaningful stimuli that could trigger intentional or unintentional encoding 
or retrieval associated with the stimuli. The lack of memory processing might be one of 
the reasons why sleep is better for subsequent memory retention than wakefulness [41-43]. 
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Episodic memories are known to consolidate during non-REM sleep, during which Long 
Term Potentiation (LTP) cannot be readily induced in the hippocampus [44], thereby 
preventing new memory formation. During the wakeful state on the other hand, even simple 
activities like environment monitoring or maintaining a logical stream of thought, could 
engage meaningful encoding and retrieval processes that allow for normal interaction with 
our surroundings. However, due to the inherent limitation on available brain resources and its 
energy consumption [45], such secondary memory processing has the potential of interrupting 
ongoing consolidation [43, 46]. Accordingly, the phenomenon of retroactive interference, or 
forgetting in general, is a result of a trade-off between ongoing memory consolidation and 
goal-directed memory processing. Therefore, it is likely that known interference tasks such 
as psychometric tests, picture-search, picture-naming, spot-the-difference task or viewing/
listening of video/audio clips, show interference due to novel memory processing demands 
and not just mental effort per se. 
Finally, mental effort may interfere with ongoing consolidation if the associated activity 
triggers autobiographical thinking. During tasks that involve no meaningful stimuli like 
mental arithmetic or tone-detection, the degree of memory processing induced by the task 
may be fairly minimal as compared to other interference tasks. However, it is likely that in 
the absence of meaningful cues or lack of task engagement, participants could feel bored, 
frustrated or find themselves daydreaming to keep themselves occupied. Research shows that 
we tend to engage in autobiographical thinking (e.g., thinking about a shopping list while 
listening to a boring lecture), if the current goals are easily met or no longer demanding (e.g., 
after due practice) [47]. Accordingly, it is likely that the interference caused due to tasks 
like mental arithmetic or tone-detection may be a result of spontaneous autobiographical 
thinking induced by low task-demands. However, this has not been tested so far, as there 
have been no studies involving interference tasks with non-meaningful stimuli and high 
task-demands.
In conclusion, Müller and Pilzecker’s theory of interference due to active task 
engagement or “mental effort” lacks some qualification. Across all the interference tasks 
previously discussed, mental effort seems to arise from novel memory processing, whether 
cued by external stimuli or by internal thoughts. In fact, mental effort in the form of rehearsal 
or retrieval of learned information might even contribute to memory consolidation instead 
of obstructing it. Therefore, it is conceivable that the type of novel memory processing 
triggered by the post-learning period or task could determine the degree of consolidation 
and subsequent memory retention of learned information. Memory processes that are related 
to the learned items might be beneficial, whereas processes that engage study-irrelevant 
memories may interfere with ongoing consolidation. As stated by Mednick et al., [46], “a 
temporary period of anterograde amnesia may be the common denominator that ties together 
a variety of conditions that are favorable to consolidation.” 
General Introduction
17
1
Minimizing Memory Processing 
There are two conceivable non-invasive ways to achieve a mental state of minimal memory 
processing while remaining awake. Firstly, the absence of external stimulation could reduce 
chances of encoding or retrieval associated with the processing of environmental cues such as 
objects, scenes, conversations, facts and figures etc. For instance, quiet rest periods spent in 
a darkened room has shown to reduce interference by preventing any environmental stimuli 
from engaging memory processing [16-18, 29, 38, 39, 48-50]. However, even during periods 
of rest, mind is still restless and full of numerous, uncontrolled, highly active processes. 
Andreasen referred to rest as Rapid Episodic Silent Thinking (REST), a period of high 
cortical activity involving mentalizing, environment monitoring, as well as episodic memory 
processing such as autobiographical past and future thinking [51]. Suppressing such internal 
episodic memory processing may be the second possible step to reducing interference. 
However, studies described earlier have consistently shown that any task engagement 
inevitably leads to forgetting, as compared to a period of quiet wakeful rest. Interestingly, the 
studied interference tasks seem to engage episodic memory processing a) via presentation 
of complex and meaningful stimuli (e.g., pictures or psychometric tests etc.) or, b) via non-
meaningful but simple tasks that can allow triggering of autobiographical thinking (e.g., tone-
detection or mental arithmetic tasks). Accordingly, whether interference can be elicited using 
a task that is both non-meaningful and consistently demanding (such as an n-Back task [52]) 
has never been tested. 
The N-Back task
The n-Back task is a classic working memory paradigm that involves continuous monitoring 
and updating of presented stimuli [52]. Usually presented as a series of digits, letters or 
pictures etc., the n-Back task requires participants to indicate whether the currently displayed 
stimulus is the same as the one presented “n” trials earlier, where “n” represents the load/
difficulty factor. Across most of the experiments presented in this thesis, the n-Back task 
involves digits (1-5) in order to minimize semantic or meaningful processing, and its 
difficulty or “n” is set to 2. The task has also been modified from its traditional format, in that 
it provides trial-by-trial feedback to keep the participants focused and to allow themselves to 
monitor their performance. 
There are three reasons why an n-Back task might help reduce interference to the 
consolidation process during the post-encoding period. Firstly, 1-Back and 2-Back tasks are 
associated with reduced processing in the hippocampus as compared to a fixation baseline [53] 
or a non-memory guided sensorimotor baseline task, such as 0-Back task [54, 55], thereby 
indicating low involvement of this structure in performing the 2-Back task. This relative 
change in hippocampal activity may be caused by suppression of autobiographical thinking 
and mental imagery [53, 56]. Secondly, unlike other known interference tasks involving 
pictures, familiar sounds or psychometric tests, the n-Back task requires no episodic memory 
processing beyond that associated with the experience of task engagement. Finally, being 
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more resource intensive than known interference tasks, as well as other working memory 
tasks like Sternberg and Delayed-Match-to-Sample tasks [57-59], the n-Back task (n = 2 
or higher) might even promote an environment of reduced sensory stimulation including 
autobiographical thinking. Due to these factors, engaging in a 2-Back task after a learning 
period might reserve hippocampal resources for ongoing consolidation processes on the 
one hand, while reducing the possibility of environmental distraction and autobiographical 
thinking on the other. Therefore, in contrast to previous research showing interference effects 
due to mental effort or task engagement, it can be hypothesized that the n-Back task may not 
cause interference as compared to a period of quiet wakeful rest. 
Thesis Outline
As discussed previously, mental effort as a source of interference to ongoing consolidation 
can be characterized differently depending upon the nature of mental activities prevalent 
during the post-encoding period. The common theme across all studies presented in this 
thesis is interference from mental effort that arises from internal memory processing such as 
autobiographical thinking. Overall, the research examines the effects of thought promotion 
and suppression during the post-encoding period. 
In Chapter 2, the primary hypothesis is tested, namely, that post-encoding engagement 
in the n-Back task would not interfere with memory consolidation as compared to a quiet 
rest condition. The chapter is divided into 2 parts. Part I reports five experiments that used 
the n-Back task to target general (non-encoding related) brain resources under different 
memoranda, n-Back task difficulty and type of memory tests. In Part II, the n-Back task 
design was modified to engage the same neural circuitry as the one occupied during prior 
encoding. Previous findings have shown that interference can arise from material-specificity 
- processing stimuli that are similar to the recently encoded items. However, this assumption 
may not hold true if task performance does not depend on episodic memory processing. It 
is likely that persistent involvement of the hippocampus might be the necessary element 
of memory interference. Overall, these seven experiments challenge the notion that quiet 
wakeful rest is essential for higher consolidation during the wakeful state.
Chapter 3 reports experiments that investigate the effect of the n-Back led consolidation 
in older adults, given their decline in executive control and episodic memory performance. 
Since mindwandering tendency also declines with age, this experiment also tests whether 
individual differences in mindwandering tendency could predict the difference between 
consolidation achieved during the rest and the n-Back conditions. 
In Chapter 4, my final study will examine whether allowing different levels of 
autobiographical thoughts could lead to variation in the level of interference to ongoing 
consolidation. To do so, I compare consolidation across rest and n-Back task with a cued-
autobiographical thinking task. A questionnaire is also used to assess the proportion of 
time participants spent on learning-related and unrelated thoughts during each of the post-
encoding periods. Such quantification of mental activities during the consolidation periods 
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could provide evidence that memory consolidation could be modulated by the promotion or 
suppression of autobiographical thinking.
In Chapter 5, I discuss my findings with regard to current research in memory 
consolidation and challenges to Müller and Pilzecker’s mental effort theory of consolidation. 
A neuroimaging experiment is then illustrated with the aim of broadening our understanding of 
forgetting mechanisms by accounting for the relationship between memory consolidation and 
learning-unrelated memory processes. Finally, I propose theoretical insights characterizing 
retroactive interference as a tradeoff of hippocampal resource allocation between ongoing 
memory consolidation and concurrent goal-directed mental activity.

Varma, S., Takashima, A., Krewinkel, S., van Kooten, M., Fu, L., 
Medendorp, W. P., Kessels, R. P. C. & Daselaar, S. M. (2017). 
Non-Interfering Effects of Active Post-Encoding Tasks on Episodic Memory Consolidation 
in Humans. Frontiers in Behavioral Neuroscience, 11. 
https://doi.org/10.3389/fnbeh.2017.00054
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Abstract 
So far, studies that investigated interference effects of post-learning processes on episodic 
memory consolidation in humans have only used tasks involving only complex and 
meaningful information. Such tasks require reallocation of general or encoding-specific 
resources away from consolidation-relevant activities. The possibility that interference can 
be elicited using a task that heavily taxes our limited brain resources, but has low semantic 
and hippocampal related long-term memory processing demands, has never been tested. We 
address this question by investigating whether consolidation could persist in parallel with an 
active, encoding-irrelevant, minimally semantic task, regardless of its high resource demands 
for cognitive processing. We distinguish the impact of such a task on consolidation based on 
whether it engages resources that are 1) general/executive, or 2) specific/overlapping with the 
encoding modality. Our experiments compared subsequent memory performance across two 
post-encoding consolidation periods: quiet wakeful rest and a cognitively demanding n-Back 
task. Across six different experiments (total N = 176), we carefully manipulated the design of 
the n-Back task to target general or specific resources engaged in the ongoing consolidation 
process. In contrast to previous studies that employed interference tasks involving conceptual 
stimuli and complex processing demands, we did not find any differences between n-Back 
and rest conditions on memory performance at delayed test, using both recall and recognition 
tests. Our results indicate that 1) quiet, wakeful rest is not a necessary prerequisite for episodic 
memory consolidation, and 2) post-encoding cognitive engagement does not interfere with 
memory consolidation when task-performance has minimal semantic and hippocampally-
based episodic memory processing demands. We discuss our findings with reference to 
resource and reactivation-led interference theories.
Non-Episodic Mental Effort Benefits Episodic Memory Consolidation
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Introduction
There is general consensus that wakeful rest after learning aids retention of episodic memories 
in humans– being able to remember our own personal past. During the post-learning rest 
period, recently acquired memories spontaneously reactivate by a replay of neuronal 
ensembles, triggered by hippocampal activity induced during the learning experience [60-62]. 
Such reactivation of synaptic connections and circuits involved in the original memory 
formation gradually reinforce memory traces over time, leading to the persistent and gradual 
consolidation of episodic memories. This is reflected in the “Distributed Learning” effect: 
episodic learning sessions broken into separate segments – with wakeful rest breaks in-
between – are more efficient as compared to a mass learning session [63, 64]. From an 
educational perspective, these findings have been crucial in developing optimal learning 
strategies for students [65]. Additionally, studies in the consolidation research domain also 
find that quiet wakeful rest periods after learning promote better memory retention, but 
presenting intervening cognitive tasks containing meaningful content causes forgetting by 
‘retroactive interference’ [1, 17].
An open question, however, concerns the specific prerequisites for interference to occur. 
Firstly, encoding contextually overlapping memory representations can cause interference. 
For example, in cue-overload paradigms (A-B, A-C learning), forgetting occurs simply by 
competitive replacement of one encoded item (B) by another item (C) associated to the same 
target (A) [66]. A second type of interference arises from information that is contextually 
dissimilar to prior learning, such as in the case of everyday forgetting [67]. The primary cause 
of this is reallocation of brain resources from consolidation-relevant processes to activities 
involving environment monitoring, encoding and retrieval of information, language, 
emotion and sensorimotor processing, as well as social cognition. By resources, we refer 
to the overall energy budget of the brain, which is constant and limited [45]. It implies 
that attending to one task could drain brain resources away from performing another. With 
that in mind, a distinction can be made between tasks that reallocate brain resources from 
consolidation-related processes to cognitively demanding processes, and those that interfere 
with consolidation process through the use of resources common with the encoded material.
Given that the brain’s metabolic consumption remains stable across different brain 
states [45], overloading the brain with resource-demanding tasks should cause task-irrelevant 
processes such as consolidation to be put on hold, or suspended. Accordingly, post-encoding 
interference tasks such as, psychometric tests, “picture-search”, “spot-the-difference” etc., 
that rely on complex cognitive processing have been shown to cause significant levels of 
forgetting as compared to periods of quiet wakeful rest [29, 38]. On the other hand, tasks 
involving secondary list learning and intentional autobiographical recall/future planning also 
cause interference [29], as they share specific resources with the encoded material owing 
to a common modality or long-term memory processing needs. Despite their dissimilarity 
to the original encoding, such tasks impinge not just on general resources, but also specific 
sensory-modal areas that, together with the hippocampus, hold the representations of the 
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encoded material. Sustained competition for such specific resources could degrade existing 
representations and/or suppress reactivation of the encoded memory traces.
For interference to occur on memory consolidation, the purported task should therefore, 
a) exhaust general resources for cognitive processing, or b) inhibit ongoing reactivation in 
specific brain areas that are otherwise engaged in consolidation-relevant activities. By virtue 
of this fact, there have been no reports of post-encoding tasks that do not show an interference 
effect when compared to post-encoding rest. Interestingly, interference studies have only 
used tasks comprising complex and meaningful stimuli that, as a function of their processing 
demands, trigger interference. Accordingly, the possibility of eliciting interference using a 
task that does not involve such multiple or overlapping processing has never been tested. 
Would engaging in a demanding task during the post-learning period interfere with memory 
consolidation if it requires a) only general resources for cognitive processing, or b) specific 
resources shared with encoding but remains hippocampus-independent?
In order to address these issues, we employed a classical working memory task that has 
minimal semantic and hippocampal processing needs but high resource demands: the n-Back 
task [52]. This task involves continuous monitoring and updating of presented stimuli. For 
each presented stimulus, participants have to indicate whether it matches the one from ‘n’ 
steps earlier in the sequence. The load factor ‘n’ can be adjusted to make the task more or 
less difficult. Our version of n-Back was set at a moderate level of difficulty (n = 2), involved 
numbers (1 to 5), and differed from traditional versions, in that it provided brief trial-by-
trial feedback to prompt greater engagement and reduce task-unrelated thinking. In general, 
our paradigm involved post-encoding periods filled with quiet wakeful rest or n-Back task 
in a counterbalanced order, similar to the studies reported by Dewar and colleagues [29, 
38]. Subsequently, memory performance was tested using both free recall and associative-
recognition tests. In a series of experiments reported here, we manipulated both the difficulty 
and the modality of the n-Back task to capture general and specific resources that might be 
engaged in the consolidation of recently encoded memories.
With the entirety of research into post-encoding states showing that mere engagement 
in a task can cause interference and only sleep-like states benefit consolidation, we 
hypothesized that much like any other non-rest task, n-Back too would certainly interfere 
with consolidation. It should draw executive resources away from proper maintenance or 
reactivation of memory traces. However, studies have also shown that 1-Back and 2-Back 
tasks are accompanied by suppression of hippocampal activity as compared to a non-memory 
guided sensorimotor baseline task such as 0-Back [54, 55]. Moreover, n-Back task can be 
performed just as well by patients suffering from episodic memory impairments [68] and 
even hippocampectomy [69]. Having no complex processing needs such as autobiographical 
recall, future scene construction or visual search etc., it is remarkably different from existing 
interference tasks. Being resource intensive, n-Back task might even promote an environment 
of reduced sensory and autobiographical stimulation during the consolidation period. As 
such, there is a small albeit real possibility that it might not interfere with consolidation. The 
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existence of such a non-interfering “interference task” would challenge the prevalent notion 
that quiet rest is critical for memory consolidation in the awake state. This is an important 
issue for widening of our understanding of the relationship between rest, reactivation, and 
cognitive resources involved in consolidation. From a distributed learning point of view, such 
a finding could give rise to a variety of tasks and learning techniques that would allow us to 
reduce environmental interference during post-study periods.
 
Experiment 1
In Exp. 1, we investigated whether occupying general resources during the post-learning 
period would hamper memory consolidation processes. The procedure consisted of two 
blocks of incidental encoding of word-picture pairs, each followed by a 12-minute long 
consolidation period involving either wakeful rest (unfilled delay) or an n-Back task (filled 
delay) in a counterbalanced order, and ending with a delayed recognition memory test. We 
compared the effect of the rest period and the n-Back task on the consolidation of items 
learned prior to these delays. We hypothesized a saturation of general brain resources due to 
high and constant allocation of attention during the n-Back task, leading to a greater effect of 
interference as compared to the rest condition.
Material and Methods
Participants
48 native Dutch, healthy students (32 female; Mage = 22.48, SD = 3.43), were recruited from 
Radboud University. Ten participants were removed from the study due to technical issues, 
non-conformance of protocol and low performance (d-prime) on the n-Back task (2-SD below 
the group average). Remaining 38 subjects were included in the analyses. After receiving 
written and oral instructions from the experimenter, all participants gave written informed 
consent in accordance with the Declaration of Helsinki. At the end of the experiment, 
participants received course credits or monetary compensation. This study was reviewed and 
approved by the Ethics Committee of the Faculty of Social Sciences of Radboud University. 
Encoding Lists
Stimulus material consisted of 180 words and 180 pictures. All words were adjectives 
generated using the MRC Psycholinguistic database and subsequently translated into Dutch. 
Pictures of common objects, scenes or animals were downloaded from various image 
databases on the Internet. For each subject, the words and pictures were randomly paired and 
split into two lists for the two encoding blocks, each consisting of 90 unique word-picture 
pairs. Accordingly, the distribution of words and pictures was completely random across the 
two conditions, and for each subject.
Chapter 2
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Recognition Lists
The recognition list consisted of two types of trials – “identical/old” trials or “recombined/
new” trials. In the “identical/old” trials, previously seen word-picture associations 
remained unchanged, and were therefore identical to their encoded pairing. However, in the 
“recombined/new” trials, new pairs were presented by recombining old pairs. Within each 
encoding list, we shuffled half of the pairs and preserved the remaining 45 “identical/old” 
trials. This led to a total of 90 old pairs and 90 new pairs, which were randomly mixed 
together for the recognition memory test. Such recombination of pairs within each encoding 
list allowed us to calculate distinct memory scores [d-prime: 70].
Figure 2.1: Schematic design of Experiments 1 and 3. The incidental encoding task involved associative 
decision making on object-word pairs, followed by a consolidation period occupied by either rest or a 2-Back task. 
The duration of these conditions was set to 12 min in Experiment 1 and 9 min in Experiment 3. A dynamic difficulty-
adjusted version of the 2-Back task (DDA 2-Back) was used in Experiment 3. Subsequent to the two encoding-
delay sessions, a surprise test of recognition memory was administered by presenting 180 object-words pairs that 
were either identical to the encoding sessions or recombined. The order of the rest and n-Back delay periods was 
counterbalanced across subjects.
Procedure
In order to avoid usage of learning strategies and rehearsal during the encoding phase and 
post-encoding rest period, we employed an incidental encoding design for our experiments. 
Participants were recruited under the pretext of an experiment investigating emotional 
decision-making. The experimental design (see Figure 2.1) consisted of two associative 
decision making (encoding) tasks that were followed by 12 min of rest (unfilled delay) 
or 2-Back (filled delay) led consolidation periods, in a within-subject counterbalanced 
paradigm. Subjects were given detailed instructions and a short practice to acquaint them 
with the button presses and task requirements. The experiment was designed using PsychoPy 
presentation software [71].
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Encoding Task
Each trial of the two incidental encoding blocks consisted of a decision-making task in which 
participants were required to associate each presented picture (e.g., “helicopter”) with its 
paired word (e.g., “thankful”). Participants were free to adopt any strategies like creating a 
vivid fictional story relating the two (e.g., “a family thanks the hospital’s air ambulance”) 
or by simply applying the word to qualify the picture. Subsequently, the presentation of a 
Likert scale “1—2—3” cued the subject to press an arrow key (“left”, “down” or “right”) 
on the keyboard to rate the vividness of their imagery judgment. Each trial began with the 
presentation of a fixation cross (0.5s), followed firstly by a picture (1s) and then its paired 
word (3s). Trials were self-paced with maximum allowed response duration of 5 s.
Filled Delay: 2-Back Task
One of the encoding sessions was followed by a delay of 12 min filled with the n-Back 
(n = 2) task with numbers (1 to 5). Each 2-Back trial started with a random grayscale number 
appearing in the middle of a dark screen for a maximum of 3 s during which the subjects were 
to press “right” if they had seen the number two trials earlier, or “left” otherwise. However, 
unlike traditional n-Back tasks, the grayscale number turned green (correct) or red (incorrect) 
for 300ms showing a short feedback. The purpose of the feedback was to urge participants 
to keep their attention focused and induce optimal performance. No score or fixation-cross 
was displayed on the screen to avoid any visual interference. Participants were given detailed 
instructions and a short practice at the beginning of the experiment to acquaint them with the 
button presses and demands of the 2-Back task.
Unfilled Delay: Rest
During this post-encoding condition, subjects rested in the room for 12 min during which a 
fixation-cross remained on the screen. They were free to close their eyes, stare at the screen 
or look around the room and let their minds wander in a quiet wakeful state. The lights in the 
room were dimmed and the experimenter left the room to ‘prepare the next part of the study’.
Recognition Task
At the end of the two encoding-delay periods, the experimenter informed the participant 
about the surprise memory test. The recognition task consisted of two blocks separated by 
an optional break. Each block ran through a randomized list of 45 “old/identical” and 45 
“new/recombined” word-picture pairs, all of which contained the same words and pictures 
that were presented during encoding. The presentation of the recognition trials was identical 
to the encoding trials except that subjects now performed an associative recognition task in 
which they decided whether each presented pair was “old/identical” as seen during encoding, 
or “new/recombined”. On identifying an item as “old/identical”, participants were asked to 
indicate if they were confident of their response or not (‘yes’/ ‘no’).
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Analyses
In order to ensure that we included only those subjects who executed the 2-Back task at a 
reliable level, we excluded all participants who performed 2-SD below the group average on 
the d-prime score of this task. From the associative recognition task, hit rates of each list were 
calculated separately by dividing the number of correctly identified “old/identical” items by the 
total number of items to which the subject responded. False alarm rate of each list was similarly 
calculated by dividing the number of “new/recombined” items incorrectly identified as “old/
identical”, by the total number of “new/recombined” responses. Only confident responses 
were included in this process to get an estimate of primarily recollection-based memory, 
avoiding trials performed with guesses. The standardized difference between hit and false 
alarm rates resulted in d-prime scores, representing subsequent memory performance [70]. 
For statistical evaluation, we ran a paired-sample t-test with d-prime scores of rest and n-Back 
delay periods as the dependent variables. All results were analyzed using IBM SPSS 23, at 
an alpha level of 0.05.
Table 2.1: Performance measures of the n-Back tasks. n-Back task d-prime, overall Accuracy and average 
RTs across Exp. 1-6. Numbers represent mean and standard deviation.
Exp. 1 Exp. 2 Exp. 3 Exp. 4
2-Back 2-Back DDA 2-Back DDA 2-Back
d-prime 2.36 ±0.47 2.14 ±0.66 1.42 ±0.37 1.45 ± 0.46
Accuracy 0.91 ±0.03 0.88 ±0.06 0.83 ±0.05 0.83 ± 0.06
RT(s) 0.94 ±0.23 0.79 ±0.16 0.58 ± 0.18 0.68 ± 0.21
Exp. 5 Exp. 6
2-Back 3-Back 2-Back Faces 2-Back
d-prime 2.46 ± 0.85 1.34 ± 0.57 2.81 ±0.64 2.79 ±0.74
Accuracy 0.90 ± 0.05 0.82 ± 0.06 0.93 ±0.03 0.93 ±0.03
RT(s) 0.66 ± 0.18 0.71 ± 0.20 0.68 ±0.20 0.69 ±0.12
Results
Average performance on the 2-Back task reached 91% accuracy, with a d-prime of 2.33 
and reaction time of 0.93 s across subjects, suggesting that the participants were properly 
engaged in the n-Back task during the filled delay period (see Table 2.1). As for the memory 
performance of the word-picture association, Figure 2.2 shows that the d-prime memory 
scores of unfilled (rest: M = 2.52, SD = 0.64) and filled delay conditions (2-Back: M = 2.49, 
SD = 0.62), did not differ significantly; t(37) = 0.33, p = 0.74.
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Discussion
Results show that the two post-encoding delay periods did not differ in terms of subsequent 
memory performance: memory traces encoded prior to the 2-Back task underwent the same 
degree of consolidation as those encoded prior to rest. However, since we used a recognition 
memory test, this experiment may not have been sensitive enough to capture the differences 
in the strength of memory trace after a period of consolidation. Therefore, in order to ensure 
that our findings are reliable, we decided to test if they can be replicated in a strict free-recall 
paradigm.
 
Experiment 2
The basic procedure of Exp. 2 was the same as that of Exp. 1 apart from the following. 
We changed the encoding materials from visually presented word-picture pairs to aurally 
presented words, the duration of the post-encoding delays was reduced from 12 min (in Exp. 
1) to 9 min and the memory test applied was changed from recognition of word-picture pairs 
to free-recall of words. These changes allowed the study to be more similar to the studies 
conducted by Dewar and colleagues [29, 49] who compared the effect of post-encoding rest 
period with various complex interference tasks.
Material and Methods
Participants
20 native Dutch, healthy students (19 female, Mage = 21, SD = 2.19) were recruited from the 
Radboud University student pool. Two participants were removed from the analyses due to 
low n-Back performance using the same exclusion criterion as before (2-SD below mean 
group d-prime).
Figure 2.3: Schematic design of Experiments 2 and 4. Both experiments were conducted in a free-recall 
paradigm. Encoding involved memorizing and recalling a list of 20 words followed by either rest or a 2-Back task 
during the 9-minute delay period for consolidation. Experiment 4 involved dynamic difficult-adjusted 2-Back task 
(DDA 2-Back). Subsequent memory of all 40 words was tested via an unexpected delayed recall test after the end 
of the two encoding-delay sessions. The order of the rest and n-Back delay periods was counterbalanced across 
subjects.
Non-Episodic Mental Effort Benefits Episodic Memory Consolidation
31
2
Encoding Lists
Instead of using visually presented adjectives as in Exp.1, 40 commonly used nouns were 
recorded in the voice of a male native speaker of Dutch. These words were chosen to 
have minimal semantic relatedness but matched on frequency and concreteness. For every 
participant, these 40 words were randomly split into two encoding lists of 20 words each.
Procedure
The experimental design was identical to standard experiments conducted by Dewar and 
colleagues [29, 49]. Each list consisted of 20 words, aurally presented every 2 s. Participants 
were instructed to carefully listen to and memorize each word for a quick test of their memory 
capacity, occurring immediately after the presentation of each wordlist. An immediate 
recall test was necessary to obtain a measure of initial memory retention as well as to avoid 
expectation of any future memory tests. After a 9-minute delay, the second wordlist was 
presented followed by another immediate recall test corresponding to that list (see Figure 
2.3). Subsequent to the second 9-minute delay, an unexpected delayed free-recall test was 
administered to measure retention of the two lists across the two delay periods. As in Exp. 1, 
the two 9-minute long delay periods were occupied by either a quiet wakeful rest (unfilled 
delay) or a 2-Back task (filled delay), in a counterbalanced order across participants. During 
both immediate and delayed recall tests, participants could recall as many words as possible, 
in any order. Both immediate and delayed free-recall responses were recorded on a mobile 
device and were scored offline.
Analyses
For each wordlist, a proportional retention score was calculated by dividing the number of 
words recalled during delayed recall by those recalled during immediate recall. In case of 
perfect retention, the score was capped at 1. The immediate recall scores and the proportional 
retention scores of the two lists were used for the analyses. Firstly, we ran a paired samples 
t-test on the immediate recall scores to verify that baseline memory performance did not 
differ across the two encoding sessions. Finally, in order to compare the effect of delay 
conditions on memory performance, we ran another paired samples t-test with proportional 
retention scores (rest vs. 2-Back) as dependent variables.
Results
Immediate recall scores (rest: M = 11.05, SD = 3.29; 2-Back: M = 10.55, SD = 2.59) did not 
differ significantly between the two encoding blocks, t(17) = 0.919, p = 0.37), indicating 
that the quality of memory encoding did not differ across the two encoding sessions. As 
depicted in Figure 2.2, the mean proportional retention scores (rest: M = 0.67, SD = 0.17; 
2-Back: M = 0.71, SD = 0.19) also did not differ significantly across the two delay conditions; 
t(17) = -0.787, p = 0.44. Average performance on the 2-Back task across subjects reached 
88% accuracy, with a d-prime of 2.14 and reaction time of 0.79 s.
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Discussion
Similar to Exp. 1, we observed no interference effect due to the 2-Back task in the experiment 
(see Figure 2.2). Across these two experiments, our results indicate that a post-encoding 
period filled with a cognitively engaging, working memory task such as the n-Back task, can 
be as conducive for consolidation as quiet wakeful rest. Although quiet rest has been shown 
to be favorable for consolidation during a wakeful state, our experiments provide the first 
evidence that it is not necessary.
It is possible that the n-Back task used in these experiments facilitated an environment 
of reduced sensory and autobiographical stimulation, unlike previously used interference 
tasks. During the debriefing session, participants generally reported a high degree of focus 
and involvement in the n-Back task interleaved with short episodes of task-unrelated 
mindwandering. Perhaps due to the monotonicity of the task, it is possible that participants 
were not challenged enough to constantly strain their general resources to interfere with the 
offline consolidation process. If this was the case, then our manipulation might not have been 
strong enough. Therefore, in order to make the n-Back task more stimulating, engaging, and 
possibly interfering to consolidation, we modified its design by incorporating a trial-by-trial 
customization of difficulty to match with performance changes. In the next two experiments, 
the difficulty (response duration) of the n-Back task was dynamically adjusted at each 
trial according to subject’s cumulative performance. Integrating such dynamic difficulty 
adjustment could heighten the contrast between the filled and unfilled post-encoding delay 
periods leading to an interference effect. 
Experiments 3 and 4
Experiments 3 and 4 were replications of Exp. 1 (recognition) and 2 (free-recall) respectively, 
but the standard n-Back task was replaced with a dynamic difficulty-adjusted version, 
referred to as DDA n-Back. According to our hypothesis, general resources are limited to be 
distributed between performing a working memory task and consolidating a set of recently 
acquired memories. As such a highly engaging and challenging DDA n-Back task should 
cause a significant reduction in memory performance as compared to quiet wakeful rest.
Material and Methods
Participants
For Exp. 3, 38 participants (30 female; Mage = 22.29 years, SD = 3.12) and for Exp. 4, 32 
participants (21 female, Mage = 26.34, SD = 3.05) were recruited from Radboud University. 
Ten participants were excluded on account of low performance on the DDA n-Back task or 
technical failures, leaving 36 participants in Exp. 3 and 24 in Exp. 4 for analyses.
Procedure
Across the two experiments, the design of encoding tasks, rest period, recall and recognition 
tests, general procedures and analyses remained identical to Exp. 1 and 2 respectively (see 
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Figure 2.1 and 2.3). However, the duration of post-encoding delay periods was set to 9 min 
and the 2-Back task was modified to DDA 2-Back, as mentioned in detail below.
Filled Delay: DDA 2-Back
Unlike the fixed 3 s response duration (speed) available in standard 2-Back used in Exp. 1 and 
2, the dynamic difficulty-adjusted version (DDA 2-Back) had a variable speed that changed 
with the participant’s cumulative success at each trial. The initial and slowest speed of the 
task was preset at 2 s per item.  When the participant’s score hit 80%, the speed increased 
at a rate of 0.2 s with each successful trial (1.8, 1.6, 1.4, and so on) until it reached the 
maximum threshold of 0.8 s. At peak performance, the participant only had 0.8 s to report 
to a 2-Back trial. The increase in the participant’s skill was therefore matched by a gradual 
increase in task difficulty. On the other hand, if the subject’s performance fell below 60%, 
the speed of the task decreased at a rate of 0.1 s and kept reducing until either it returned 
to the initial preset of 2 s, or performance recovered back to 60%. No changes were made 
when the score fluctuated between 60% and 80% as this was deemed to be the “flow zone”, 
where task difficulty was balanced by the subject’s skill and confidence [72]. By employing 
such dynamic difficulty adjustment, the participant could remain in control of the task, yet be 
adequately stimulated at all times.
Results
As expected, the average reaction time on the DDA n-Back tasks was significantly faster 
(Exp. 3: 0.58 s and Exp. 4: 0.68 s) than its standard counterpart used in Exp. 1 (0.93 s) and 
Exp. 2 (0.79 s) (see Table 2.1). In case of Exp. 3 (recognition design) results of the paired 
t-test showed no significant difference in the d-prime memory scores of rest (M = 2.59, 
SD = 0.57) and DDA 2-Back (M = 2.55, SD = 0.65) delay conditions; t(35) = 0.54, 
p = 0.59. Similarly, in case of Exp. 4 (recall design), mean proportional retention scores (rest: 
M = 0.68, SD = 0.22; DDA 2-Back: M = 0.72, SD = 0.20) also did not differ significantly 
across the two encoding blocks; t(23) = -0.64, p = 0.53 (see Figure 2.2 for results and 
comparison). Immediate recall scores (rest: M = 11.62, SD = 3.13; DDA 2-Back: M = 11.16, 
SD = 2.77) did not differ between the two encoding blocks; t(23) = 0.74, p = 0.47, indicating 
that the quality of memory encoding was similar.
Discussion
As shown under Table 2.1, participants in both Exp. 3 and 4 showed a severe taxation of 
brain resources to meet increased demands of the DDA n-Back task, as compared to Exp. 1-2. 
Results indicate that even when the difficulty of the n-Back task was continually fine-tuned to 
match participants’ growing competence at the task during the filled delay period, there was 
no effect whatsoever on the ongoing consolidation of memory. Despite imposing a constant 
deployment of resources during the 9-minute delay, the effect of the post-encoding n-Back 
task did not differ from rest in terms of memory performance. Regardless, in a final attempt 
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to further step up the resource load during the filled delay period, we ran another follow-up 
study comparing post-encoding rest with 2-Back as well as 3-Back tasks.
Figure 2.4: Schematic design of Experiment 5. The encoding session involved judgment of friendliness 
of presented faces. Post-learning delay periods were filled with either 2-Back, 3-Back or a rest period for 9 min. 
Subsequent to the three encoding-delay periods, a surprise recognition task was administered involving 180 old and 
90 new faces. The order of the rest, 2-Back and 3-Back delay periods was counterbalanced across subjects.
Experiment 5
A possible explanation for the lack of interference effects could be that the encoding material 
used in Exp. 1 to 4 (word-picture pairs and wordlists) was quite easy to remember. Perhaps, 
our participants (all university students) were able to retain encoded information successfully 
over the n-Back delay periods by making conscious or subliminal within-list or extra-list 
associations. The other possibility is that the load of the n-Back task itself was not demanding 
enough to exhaust general cognitive resources for interference to occur. Therefore, in the 
following experiment, we addressed these two issues by 1) making encoding material more 
challenging to retain (faces) and, 2) increasing the load of the n-Back task (n = 3). Subjects 
encoded a large number of faces across three encoding blocks followed by one of three delay 
periods: rest, 2-Back or 3-Back tasks. In line with our original hypothesis, we expected a 
significant reduction in subsequent memory of faces learned prior to both n-Back tasks as 
compared to those learned prior to rest.
Material and Methods
Participants
40 native Dutch, healthy students (30 female, Mage = 22.26, SD = 2.59) were recruited from 
Radboud University. Four participants were removed due to technical difficulties or low 
n-Back task performance.
Encoding and Recognition Lists
Unlike the previous experiments, participants now performed an incidental face-encoding 
task. From the Chicago Face Database [73], we downloaded 270 images having equal number 
of male and female faces, and with a neutral expression. For each subject, 180 unique faces 
were randomly pooled and split into three encoding lists of 60 trials each. These 180 old 
Non-Episodic Mental Effort Benefits Episodic Memory Consolidation
35
2
faces and remaining 90 new faces were used for the recognition task. Half of both old and 
new faces were male.
Procedure
The experiment consisted of three face-encoding tasks, each followed by a delay involving 
either rest, 2-Back or 3-Back task (see Figure 2.4). The three encoding-delay conditions were 
followed by a recognition memory task. The order of presentation of the three blocks was 
counterbalanced across participants. As before, participants underwent a short practice to 
familiarize themselves with button presses and task demands. 
Face Encoding Task
For each encoding session, we asked the participant to judge the friendliness of 60 unique 
faces, as they appeared on the screen for a fixed duration of 3 s. The participant rated the 
friendliness of the face using the keys 1 to 4 (1 = ‘definitely unfriendly’, 4 = ‘definitely 
friendly’).
Delay Periods: Rest, 2-Back and 3-Back Tasks
Similar to the previous experiments, one of the three post-encoding delay periods was filled 
with 9 min of quiet wakeful rest (unfilled delay). Two separate filled delay conditions were 
used in this experiment: 2-Back and 3-Back tasks. The design of the n-Back tasks remained 
identical to Exp. 1 and 2 and ran for 9 min as well. DDA n-Back design was not used in this 
experiment as it could have caused a complete failure in carrying out the 3-Back task.
Face Recognition Task
For each of the 270 faces (180 old, 90 new) presented on the screen, participants indicated 
within 5 s, whether they had seen the face during the encoding session. Participants responded 
with the keys Q and W (Q = ‘old’, W = ‘new’) on the keyboard. Subsequently, they had 3 s 
to indicate their confidence using keys 1 to 4 (1 = ‘definitely unsure’, 4 = ‘definitely sure’). 
As before, only confident responses (‘definitely sure’) were considered for later analyses.
Results
Calculation of n-Back performance and subsequent memory scores remained identical to Exp. 
1 and 3. As expected, the average performance on the 3-Back task itself was significantly lower 
than on the 2-Back task (3-Back: d-prime = 1.34, Accuracy = 82%; 2-Back: d-prime = 2.46, 
Accuracy = 90%) but no difference in their overall reaction times was observed (see Table 
2.1). In terms of memory performance of the three delay conditions, the d-prime memory 
scores (rest: M = 1.14, SD = 0.54; 2-Back: M = 1.21, SD = 0.45; 3-Back: M = 1.20, SD = 0.45) 
showed no significant difference on paired samples t-tests; rest vs. 2-Back: t(35) = -0.91, 
p = 0.37, rest vs. 3-Back: t(35) = -0.70, p = 0.49 and 2-Back vs. 3-Back: t(35) = 0.15, 
p = 0.87 (see Figure 2.2).
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Discussion
Despite our attempts at exhausting brain resources across different designs of the n-Back 
task through Exp. 1 to 5, the post-encoding consolidation processes seem to linger on 
unaffectedly (see Figure 2.2). Although performance on the 3-Back task was significantly 
lower than on the 2-Back task (see Table 2.1 for a comparison), this did not cause any 
interference to consolidation of faces learned prior to the 3-Back task vs. the 2-Back task. 
Accordingly, one could argue that general brain resources may not be directly involved in 
wakeful consolidation, but perhaps in other, more peripheral processes (see section under 
General Discussion). In the next experiment, we focused on exhausting specific resources, 
those involved during the original encoding episode.
 
Experiment 6
As noted in the introduction, post-encoding reactivation of memory traces is consequential to 
memory strengthening process. Forgetting could occur if reactivation is interfered by engaging 
encoding-specific resources in irrelevant tasks during the post-encoding consolidation period. 
In the following experiment, we tested this hypothesis by subjecting participants to a 2-Back 
task involving faces, after they encode a large number of face stimuli.
Figure 2.5: Schematic design of Experiment 6. Encoding session involved judgment of friendliness of 
presented faces. Post-learning delay period involved either 9 minutes of rest, 2-Back task (with numbers), or 2-Back 
task with faces. Subsequent to the three encoding-delay periods, a surprise recognition test involving 180 old and 
90 new faces was administered. The order of the rest, 2-Back and Faces 3-Back delay periods was counterbalanced 
across subjects.
Material and Methods
Participants
27 native Dutch, healthy students (22 females, Mage = 22.52, SD = 2.27) were recruited from 
Radboud University. Three participants were removed from the analyses due to technical 
difficulties. Remaining 24 participants performed competently during the n-Back tasks 
involving numbers and faces, leaving no outliers. 
Non-Episodic Mental Effort Benefits Episodic Memory Consolidation
37
2
Stimuli for Faces 2-Back task
Five new faces (3 female) downloaded from the Chicago face-database [73] were added to 
the stimulus set used in Exp. 5. We ensured that these pictures had a good mix of facial and 
hair features, similar to the faces seen during encoding.
Procedure
The experimental design and analyses remained identical to Exp. 5. However, we replaced 
the 3-Back task with a 2-Back task involving face stimuli (see Figure 2.5). The execution of 
the Faces 2-Back task was same as the 2-Back task used in previous experiments but involved 
five faces instead of five numbers: participants pressed one of two buttons indicating whether 
the currently displayed face was the same as the one they saw two trials ago. 
Results
Similar to previous experiments, the d-prime memory scores across the three delay 
conditions (rest: M = 1.08, SD = 0.39), 2-Back: M = 1.03, SD = 0.54, Face 2-Back: M = 1.11, 
SD = 0.38) showed no significant differences; rest vs. 2-Back: t(23) = 0.63, p = 0.53, rest vs. 
faces 2-Back: t(23) = -0.30, p = 0.76, and 2-Back vs. Faces 2-Back: t(23) = -0.98, p = 0.33 
(see Figure 2.2). Performance on the Face 2-Back task itself (M = 2.81, SD = 0.64) was also 
not significantly different from the 2-Back with numbers (M = 2.79, SD = 0.73) as revealed 
by a paired t-test: t(23) = 0.20, p = 0.84 (see Table 2.1).
 
General Discussion
This study compared active and passive post-learning periods with the purpose of investigating 
the specific prerequisites for interfering with the consolidation of episodic memories. Previous 
research has shown that post-learning engagement in any learning-unrelated task can cause 
forgetting, but periods of quiet wakeful rest facilitate retention of encoded stimuli. In these 
studies, the effect of a post-encoding period filled with quiet wakeful rest was compared 
with encoding-irrelevant tasks such as, psychometric tests, “picture-search”, “spot-the-
difference”, secondary list learning or autobiographical recall/future planning etc., [29, 38, 
39]. The complex processing necessary for these tasks makes it difficult to determine which 
aspects actually interfere with post-learning consolidation. Accordingly, we exploited a less 
semantic task that is independent of the MTL memory system necessary for post-learning 
consolidation, but relies on our executive system - the n-Back task. More specifically, we 
addressed the question of whether successful memory consolidation could persist when 
memory encoding is followed by the n-Back task, which, on the one hand, is independent 
of hippocampal memory function and has minimal semantic content, but on the other hand, 
draws heavily on executive resources, as compared to a quiet wakeful rest period. 
To address this question, we performed six experiments (total N = 176) manipulating 
different aspects of the n-Back task surrounding two critical issues in relation to memory 
consolidation: resources and reactivation. Our findings indicate that across different versions 
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of the post-encoding n-Back task, subsequent memory performance did not differ from 
an equivalent period of post-encoding rest (see Figure 2.2), thereby suggesting that the 
items learned prior to these two distinct brain states achieved the same degree of memory 
consolidation. Null-findings, as demonstrated by the absence of an interference effect, can 
be challenging to address. Nonetheless, we find them reliable due to the replication of our 
results across six experiments involving different memoranda (word-picture pairs, wordlists 
and faces), task designs (difficulty adjusted n-Back tasks) and memory tests (free-recall and 
recognition). Although results reported from the recognition-based experiments (Exp. 1, 
3, 5 and 6) were based only on confident d-prime, our findings remain unchanged when 
non-confident trials were also included in the analysis, thereby suggesting that there was no 
difference in memory accuracy across the two conditions. In contrast to existing literature, 
we found no empirical support for the notion that rest after learning is better for the fate 
of memory consolidation than any learning-unrelated cognitive engagement. In fact, when 
encoding is followed by a task that reduces sensory and autobiographical stimulation due to its 
high resource demands; and does not engage the hippocampal memory system, interference 
to memory consolidation does not occur. We interpret results of this study in the following 
sections with reference to resource-based and reactivation-based interference theories.
Resource based Interference
Given that the energy consumption of the brain remains relatively constant regardless of 
brain state and task engagement, brain resources need to be reallocated from one process to 
another depending on priorities of the task at hand [45]. Accordingly, one would expect that 
as compared to a quiet wakeful rest period, engaging in a task such as the n-Back during the 
post-learning period should take resources away from consolidation-relevant processes. In 
order to test this prediction, we conducted two experiments involving two different types of 
memory tests (Recognition: Exp. 1 and Recall: Exp. 2), both employing a standard 2-Back 
task with accuracy feedback. Even though n-Back task places heavy demands on brain 
resources, our results show that this did not comply with the “resource-based interference 
hypothesis”. The task did not show any noticeable effect on memory consolidation: memory 
performance of items learned prior to the n-Back task remained the same as those learned 
before an equivalent period of rest. 
Measurements of n-Back accuracy (see Table 2.1) indicated that our sample of participants 
(university students) were performing at a near ceiling level, and were perhaps not challenged 
constantly, or sufficiently during the entire duration of the task. This led us to modify the 
design of the n-Back task on two different parameters: 1) Adjusting the difficulty of the 
n-Back task (DDA n-Back, Exp. 3 and 4) at each trial based on performance improvements, 
expecting that the brain will remain constantly occupied, and 2) Adding additional load (3-
Back, Exp. 5) in an effort to exhaust participants’ resources as compared to the standard 
2-Back task. Following the resource-based interference hypothesis, we predicted that such 
constant utilization of resources, or higher resources demands should lead to an interference 
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effect relative to when participants can rest during the post-encoding delay period. Contrary 
to this assumption, neither of these manipulations elicited any effects of episodic memory 
interference.
At the outset, it appears as if consolidation is not a resource intensive process and can 
be suspended following irrelevant task demands. An alternative theory could be that wakeful 
rest itself may not be entirely optimal for consolidation. Andreasen and colleagues (1995) 
[51] redefined Rest as: ‘Rapid Episodic Silent Thinking’, a period of high cortical activity, 
including episodic memory processing [74]. Far from being a passive state, rest is accompanied 
with numerous, uncontrolled, highly active processes such as mentalizing, environment 
monitoring, mindwandering, autobiographical past and future thinking that involve a 
symmetrical network of the brain referred to as the Default-Mode Network [DMN: 74, 75]. 
There is abundant evidence that such processes accompany consolidation during the wakeful 
resting state. In particular, mindwandering in humans has been referred to as a subjective 
experience of memory reactivation, similar to dreaming during sleep [32]. However, there is 
no direct evidence that these processes actually assist consolidation: co-occurrence does not 
imply causality. In fact, post-encoding autobiographical thinking triggered by external cues 
has recently been shown to interfere with consolidation [29]. These studies suggest that the 
demands of DMN-led ancillary processes during post-encoding rest could lead to a degree 
of interference that is comparable to that caused by the resource demands of the n-Back 
task. Our findings from Exp. 1 to 5 could therefore be explained from the perspective of this 
‘interference-account’ of resting-state processes.
An alternative account could be that regardless or perhaps due to its exhaustive resource 
load, the n-Back task indirectly assists memory consolidation by suppressing interference 
from internally generated cognitive activity. In addition to being independent of long-term 
memory-related hippocampal processing, demanding tasks including the n-Back have been 
shown to suppress the activity of the DMN [55, 76, 77]. As such, the n-Back task might, in 
theory, act as a cognitive barrier against interference from DMN-led processes that dominate 
resting state. Following from these two accounts, it is possible that —while n-Back suppresses 
DMN activity and prevents detrimental effects of ancillary resting state processes — its 
pervasive resource demands cancel out the resultant memory facilitation. This might cause 
the effective degree of interference to be similar across post-encoding blocks of wakeful rest 
and demanding n-Back task, as evident from our first five experiments. In other words, it can 
be argued that the brain maintains similar degrees of consolidation across rest and n-Back 
states by balancing interference effects of the former by the resource demands of the latter.
Reactivation based Interference
Another critical issue regarding rest and consolidation is the concept of reactivation. Numerous 
studies demonstrated that the neural activity patterns of encoding that are reactivated during 
periods of sleep [14, 60, 78] have also been observed during rest [e.g., 60, 62]. According to 
the “reactivation based consolidation” theory, such repeated reactivation of neural activity 
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is critical to memory consolidation [78, 79]. In the post-encoding phase, activity pertaining 
to the encoded material ‘lingers on’. For example, Tambini et al., 2010 [20] have provided 
evidence that post-encoding functional connectivity between the hippocampus and face-
processing areas is correlated with subsequent memory of faces-object pairs. In Exp. 6, we 
targeted such encoding-specific areas by having participants process stimuli of the same 
category during the post-encoding consolidation phase. Instead of focusing on the resource-
based interference effects studied in Exp. 1 to 5, this experiment was aimed at inhibiting 
specific resources (face processing areas, in our case) from reactivating previously learned 
material. In other words, we expected that consolidation should be hampered if there was an 
overlap between brain structures involved during the post-encoding task and consolidation-
related reactivation process.
To this end, the n-Back task was modified to involve five faces (instead of numbers) 
and administered immediately after an incidental encoding task that also involved faces. 
Contrary to our expectation, but in line with the results of Exp. 1 to 5, the subsequent memory 
scores reflect that the Face n-Back task did not show any reduction in memory performance 
relative to when post-encoding period was occupied by rest. Several theories could account 
for the lack of interference effect in Exp. 6. From the perspective of the encoding modality, 
it can be argued that repeated presentations of the same five faces during the n-Back task 
did not engage the face-processing areas for a sustained period of time due to the ‘repetition 
suppression effect’ [e.g., 80, 81]. As a result, it is likely that the continuous processing of the 
n-Back task had only a temporary engagement with the face-processing areas, thereby sparing 
the reactivation of previously encoded faces. From the perspective of the hippocampus, two 
other possibilities emerge. 
Firstly, several studies have provided evidence that the hippocampus is not involved in the 
processing of the n-Back task [52, 54, 55], making it possible for recently encoded memory 
representations to remain preserved and their consolidation to go on uninterrupted. This 
evidence alone supports our findings. However, at least some degree of incidental encoding 
should have ensued during the n-Back task that allowed subjects to remember the episodic 
nature of the n-Back task including the memory of the stimulus, performance changes and 
their emotional state. All such processes could be potential sources of interference, similar 
to autobiographical thinking during rest. Given our results, the second possibility is that 
the degree of interference caused by incidental encoding during the n-Back task did not 
rise to the level of causing interference. Previously used tasks such as “picture-naming” 
or “autobiographical thinking” [29] which did show an effect of interference as compared 
to rest, involve much higher degrees of incidental encoding and sustained activation of the 
hippocampus and MTL in general [82, 83]. Considering this evidence, our results suggest 
that the extent of hippocampal involvement during the n-Back task is comparable to or lower 
than that during the rest condition, even if the related memory representational areas were 
occupied during the post-encoding period. Thus, it seems that for interference to occur, a task 
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or behavioral activity needs to have a large learning or retrieval component that persistently 
involves the hippocampus.
 
Limitations and Future Directions
Due to the within-subject design employed in these experiments, it is understandable that 
there is a large difference between study-test intervals of the items encoded at the beginning 
vs. the end. For example, the consolidation of items in List1 will be affected not just by 
the delay period immediately following the presentation of the list, but also by subsequent 
encoding of List2, and the delay block afterwards. Accordingly, the effect of one delay period 
on the consolidation of a list cannot be completely isolated from that of the other. As such, this 
design may be less sensitive than a between-groups design in detecting differences between 
our conditions. A within-subject design can however be more sensitive in instances where 
the difference between conditions is relatively smaller than between-subject variations. As 
stated earlier, our experiments are derived from studies reported by Dewar & colleagues [29, 
38] who also used within-subject designs to show superior memory consolidation following 
periods of quiet wakeful rest than other irrelevant cognitive tasks. Similar to their studies, 
we also counterbalanced the delay type such that, both wakeful rest and the n-Back task 
conditions occur at different delay periods an equal number of times across subjects. 
Another caveat of these experiments pertains to the duration of the consolidation period. 
Human and rodent studies that investigate the neurological basis of consolidation and the 
role of sleep, normally conduct memory tests at least 12-48 hours post-encoding, during 
which consolidation is said to have set in. Here, the scope of our investigation was limited to 
9-12 min post-encoding, similar to other interference studies discussed earlier. Since we did 
not test memory the next day or a week later, we cannot claim that any long-term memory 
consolidation had occurred. While the time course of consolidation is a matter of ongoing 
research, several studies have successfully been able to tap into early consolidation processes 
using behavioral [17, 29, 84, 85], physiological [86] and pharmacological [87] manipulations 
only minutes after a memory representation is encoded. Similarly, by inducing different 
brain states in the immediate post-encoding period, we attempted to capture any changes that 
occurred during the initial stages of memory consolidation. When tested over on a longer 
timescale, whether memory performance of the items encoded prior to n-Back gradually 
declines (as compared to the wakeful rest condition), is a matter of future research.
Finally, due to its weak correlations with established measures of working memory span, 
there is some controversy surrounding the use of n-Back tasks in general [88]. In particular, 
n-Back performance taps into both familiarity and recognition-based processes, which 
are not exactly representative of working memory (as compared with say, serial recall). 
However, none of these findings pertains to issues related to long-term memory processing 
and consolidation that are central to this study. Accordingly, irrespective of the performance 
characteristics of the n-Back task, its utility in this study comes from its non-complex nature 
and non-reliance on long-term memory/hippocampal processing. It remains to be seen 
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whether we can replicate our results using other tasks that exhibit similar properties as the 
n-Back. 
Conclusion
The current study provides evidence that memory consolidation is not hampered by 
cognitive interference from tasks that have minimal semantic involvement and do not rely 
on hippocampally-based episodic memory processing. Our results suggest that, contrary to 
popular belief, wakeful rest is not necessary for consolidation. In fact, undergoing demanding 
cognitive tasks such as n-Back in the post-learning period lead to the same memory 
performance. These findings raise questions about the necessary prerequisites of a brain state 
to interfere with consolidation.
Rest is a period of highly complex uncontrolled activity involving episodic memory 
processes that could interfere with consolidation. Engaging in a demanding cognitive task 
such as n-Back in the post-learning period could, on the one hand, suppress these interfering 
processes, but, on the other hand, deprive consolidation of critical brain resources. One 
possible explanation could be that due to this balance between processes that facilitate and 
inhibit consolidation, the subsequent memory performance of items learned before a wakeful 
rest period or an equivalent n-Back task remains the same. In other words, it is possible that 
the brain maintains the ability to continue the consolidation process across passive and active 
states by balancing interference effects of the former by the resource demands of the latter.
Even though general resource demands did not seem to have an effect on memory 
consolidation, we tested whether post-learning recruitment of specific resources overlapping 
with the ones used during the learning episode should interfere with reactivation and 
consolidation. We did not find any evidence for this either. As noted before, one possible 
explanation is that a post-encoding task should engage the hippocampus in order to elicit 
memory interference, which is not the case for the n-Back task. The current data does not 
allow us to draw any strong conclusions that could answer these questions. In order to 
resolve the issues pertaining to resource recruitment and reactivation inhibition, we plan to 
use physiological and neuroimaging tools such as pupillometry and fMRI in future studies.
However, our results from six different experiments, involving different sets of participants 
and regardless of the type of learning tasks or memory tests, clearly show that rest is not a 
necessary prerequisite condition for successful consolidation. From an educational point of 
view, this study qualifies the notion of distributed learning by showing that rest-filled breaks 
are not essential. In fact, classroom learning episodes could be interleaved by entertaining 
prevocational or skill-learning tasks such as physical education, driving, sketching, music, 
cooking etc., which, in the same vein as the n-Back task have, 1) a minimal overlap with 
previously learned memories of capitals and calculus and, 2) do not burden the long-term 
memory system. In short, there is no denying that quiet wakeful rest helps the mind and body 
in numerous ways, but to deem it necessary for consolidation is inaccurate and impractical.
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Abstract
Research on the underlying mechanisms of aging-related episodic memory decline in healthy 
older adults has gained widespread attention over the years. In the last decade, research has 
shown that a short period of rest after a learning session can enhance memory consolidation, 
thereby providing an effective strategy to overcome episodic decline. Particularly, studies 
have provided evidence that quiet wakeful rest immediately after learning leads to better later 
memory retention, as compared to engaging in tasks that demand novel memory encoding/
retrieval processing. However, a recent study in younger adults has shown that post-learning 
engagement in a cognitively demanding 2-Back task leads to the same degree of memory 
consolidation as post-encoding rest, but studies in older adults are lacking. Here, we examined 
whether this finding can be extended to older adults. Using a delayed recognition test, we 
compared the memory consolidation of word-picture pairs learned prior to 9 min of Rest 
or 2-Back task (counterbalanced order). We also examined the relation between memory 
consolidation, executive functioning and mindwandering propensity. Our results show that 
1) similar to younger adults, memory performance associated with the 2-Back condition did 
not differ from the Rest condition; 2) older adults with higher mindwandering propensity 
benefitted more from the Rest condition than the 2-Back condition and vice-versa. Overall, 
our results indicate that the degree of episodic memory consolidation during both active and 
passive post-encoding periods depends on individual mindwandering tendency.
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Introduction
Decline in episodic memory - the encoding, maintenance and retrieval of personally 
experienced events is a hallmark of cognitive ageing [89, 90]. An increasing number of studies 
have been focusing on factors responsible for such deficits as well as strategies to counteract 
it [91-93]. Particularly, in the area of episodic memory consolidation, a growing amount of 
research suggests that memory is better retained when participants rest quietly (in the absence 
of cognitive tasks and stimulation) after learning. For example, participants forget recently 
learned words over a short delay if learning was followed by a novel task such as psychometric 
tests [16], short math problems or tone-detection [18], picture-naming/search [17, 29], 
spot-the-difference task [18, 38, 39, 50] or an autobiographical thinking task [29], as compared 
to an equivalent period of quiet wakeful rest. These findings have also been observed in 
cognitively unimpaired older adults [16, 17, 38, 39], as well as in patients with (amnestic) Mild 
Cognitive Impairment and Alzheimer’s dementia [16, 50]. Emerging research has associated 
such beneficial effects of rest and sleep with an active process of memory consolidation [39, 
43, 62, 84]. In this process, recently acquired memory traces are thought to be spontaneously 
replayed in the hippocampus. Gradually, these memory traces become stronger over time, 
allowing them to be successfully retrieved in the future. Both rest and sleep make favorable 
conditions for consolidation to occur, in part due to the absence of interference from novel 
memory encoding/retrieval processes that are triggered by external stimulation. 
However, in a recent study in younger adults, we have demonstrated that engaging in a 
2-Back task in the post-encoding period leads to the same degree of memory consolidation as 
in a quiet wakeful rest state [Chapter 2; 94]. This result was replicated across six experiments 
involving different encoding materials, both similar and dissimilar to the 2-Back task, 
different difficulty levels (2-Back, 3-Back and dynamic difficulty-adjusted 2-Back), and 
different memory tests (free recall and associative recognition). This finding challenges the 
notion that quiet wakeful rest or an absence of external stimulation is essential for successful 
consolidation. Unlike previously used interference tasks that involved familiar pictures [17, 
18, 29, 39, 50], sound cues [29] or psychometric tests [16], the absence of an interference 
effect during the 2-Back task could be attributed to the absence of cues that could trigger 
incidental memory encoding or retrieval. Supporting evidence also comes from previous 
neuroimaging studies that show reduced involvement of the hippocampus during a 2-Back 
task as compared to a fixation baseline [53] or a 0-Back task [52, 54, 55]. This relative 
change in hippocampal activity can be associated with an overall reduction in novel memory 
processing due to the continuous working-memory (WM) demands of the 2-Back task. In 
this way, it is likely that engaging in the 2-Back task during the post-learning delay period 
might act as a cognitive barrier against interference from memory processing cued by the 
environment, which in turn may support memory consolidation of recently studied materials.
Based on our findings in younger adults [Chapter 2; 94], this study investigates whether 
engaging in a 2-Back task supports memory consolidation in cognitively unimpaired older 
adults to the same extent as a period of rest [16, 17, 38, 39]. Aging-related changes in the 
Chapter 3
48
hippocampal and frontal systems are closely associated with the decline of memory in older 
adults [95], especially for episodic memory [96]. Studies have shown that older adults, in 
comparison to young adults, show compromised WM processing such as goal-maintenance 
and manipulating concurrent information [97-99]. Performance on the n-Back task too was 
found to be lower in older adults [100], and seems to decrease monotonically with advancing 
age [101]. At the same time, however, there have been several reports of alternative cognitive 
mechanisms in older adults that may help to compensate for age-related decline. Prominently, 
it has been shown that older adults tend to over-recruit frontal resources (as compared to 
younger adults) to compensate for the decline in visuospatial and sensory processing 
[102]. Apparently, normal ageing is associated with a decrease in neural efficiency, causing 
additional recruitment of neural resources to maintain performance [103]. In the case of 
episodic memory retrieval, the loss in hippocampal-based recollection processes has been 
associated with increased recruitment of rhinal-based familiarity processes, a region that is 
known to be less affected by ageing [104, 105]. In the case of working-memory tasks such as 
the n-Back task, compensatory mechanisms like additional recruitment of frontal areas [103] 
as well as a higher reliance on familiarity-based differentiation between target and lures has 
been observed in older adults [106]. The over-recruitment of frontal areas for the n-Back task 
might also benefit memory consolidation in older adults, as fewer of these resources would 
then be available for autobiographical thinking [83], thereby reducing interference to ongoing 
memory consolidation process [29]. Accordingly, it is possible that these compensatory 
changes could sustain performance during the 2-Back task, thereby supporting memory 
consolidation, in a way similar to the case of younger adults. 
Ageing has also been associated with a reduction in mindwandering frequency [35-37]. 
Although it remains unclear whether this is a consequence of general cognitive decline [37, 
83], or that older adults simply have fewer concerns (less task-unrelated thoughts) [107], 
there is strong evidence suggesting that mindwandering about events of the day may assist 
in episodic memory formation and consolidation, in a way similar to sleep [108]. For 
example, the replay of recently acquired memories may be facilitated by mindwandering 
about these experiences during offline periods like quiet wakeful rest, or when attention is 
tuned-out from external stimuli [32, 37]. On the other hand, laboratory experiments have 
also shown that mindwandering about memories unrelated to the learning experience, such 
as autobiographical thinking, can lead to forgetting of the recently learned items [29]. The 
extent to which mindwandering supports consolidation depends not only on the content 
of mindwandering but also the difficulty of the task at hand. Research has shown that the 
degree of mindwandering during simple tasks (like rest) is considerably higher than during 
demanding tasks (like a 2-Back task), as more cognitive resources are available for thoughts 
unrelated to the task when the task itself is easy to do [37]. Accordingly, in terms of the 
current study, the difference between memory consolidation associated with the rest and 
2-Back task conditions could be greatly affected by the mindwandering experienced by the 
participants. 
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Considering that such a decline in cognitive functioning and mindwandering may affect 
memory performance in older adults, the purpose of the present investigation is two-fold. 1) 
Does the 2-Back task support memory consolidation in older adults in the same way as it does 
in younger adults? 2) Would memory consolidation differ between rest and 2-back conditions 
if one has a higher or lower tendency to mindwander in general? Similar to our previous study 
in younger adults [Chapter 2; 94], our experiment involved two blocks of incidental encoding 
of word-picture pairs, each followed by a 9-minute delay period involving a wakeful rest 
period or a 2-Back task, in a counterbalanced order. The experiment ended with an associative 
recognition test, followed by post-experimental neuropsychological tests. Executive control 
decline was measured using a computer-based Random-Number Generation task (RNG 
[109, 110]). Instead of sampling mindwandering during the delay periods (which could 
lead to memory interference), we measured general mindwandering propensity after the 
experiment using a 40-item (short version) Imaginal Process Inventory questionnaire [111, 
112]. Following the results from previous experiments, and the compensatory account of 
cognitive ageing, we predicted that the 2-Back task might not cause interference to memory 
consolidation when controlling for the effect of cognitive decline. We further hypothesized 
that mindwandering propensity should modulate consolidation, as participants will have 
higher chances to mindwander during the rest delay period than the 2-Back delay period. The 
absence of an interference effect during the 2-back task will motivate further research into 
the factors that promote or suppress episodic memory consolidation, and provide supporting 
evidence on compensatory mechanisms in older adults.
Methods
Participants
Thirty-eight older adults aged 62 to 78 years (16 women, Mage = 69.4, SD = 4.1) were 
recruited from the Radboud University participant database and local advertising, and 
randomly assigned to one of two groups. All participants were native Dutch speakers without 
any history of neurological or psychiatric illnesses (self-report) and scored higher than 25 on 
the Mini Mental State Examination (MMSE, [113]; M = 29.4, SD = 0.85, range = 26–30). 
After receiving written and oral instructions from the experimenter, all participants gave 
written informed consent in accordance with the Declaration of Helsinki. At the end of the 
experiment, participants received monetary compensation. This study was reviewed and 
approved by the Ethics Committee of the Faculty of Social Sciences of Radboud University. 
Five participants were excluded due to a) missing questionnaire and education-level data 
or, b) incorrect or no button presses during the 2-Back task or the recognition task. In order 
to balance the age and education between the two groups, we removed five more participants 
(blinded for outcome on the dependent variables). Additionally, we also tested for outliers 
on data collected from questionnaires and tests before using these scores in our statistical 
model, wherein two participants with extreme scores (± 2SD away from the mean) were 
further removed. Data from the remaining 26 participants (14 women, Mage = 68.7, SD = 4.2) 
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were analyzed in this study (see Table 3.1 for Demographics). Nineteen of these participants 
reported having a pre-university/vocational level of education while the remaining had 
attended some form of secondary schooling [114].
Material
Stimuli
The experimental stimuli and procedure were identical to those used in our previous research 
with young adults [Exp. 1, Chapter 2; 94]. In summary, participants studied word-picture 
pairs in two encoding sessions, each followed by a 9-minute delay period. At the end of 
the two encoding-delay periods, memory performance associated with both encoding-delay 
blocks was tested using an associative memory recognition test. Each of the two encoding 
tasks consisted of unique 90 pairs of words (adjectives) and pictures (common objects, scenes 
or animals). Since the pair generation was completely random, every participant received a 
unique set of encoding lists. For the recognition test, lure trials were created by recombining 
half of the pairs seen within each encoding list. Of the trials tested, half had the same pairs 
as in the encoding list (identical trials), but in the other half, words were recombined with 
other pictures presented in the same encoding session (recombined trials). No word or picture 
appeared twice and no new items were presented during the recognition test.
Post-Experimental Measures
To test the mindwandering propensity (MWP) of each participant, a short version of 
the Imaginal Process Inventory questionnaire [112, 115] was created by selecting (and 
translating into Dutch) 40 questions that pertained to different components of daydreaming 
or mindwandering [111] (see Appendix). The response possibilities were scored on a 5-point 
scale. A high score on this questionnaire implied a higher tendency for mindwandering.
Participants were also assessed for their executive functioning ability using a random 
number generation (RNG) task [109]. RNG task has been used as a measure of cognitive decline 
as it positively correlates with a lack of strategy shifts and inhibition (for review see [110]). 
Figure 3.1: Experimental design and Order specification. The incidental encoding task involved 
associative decision-making on object-word pairs, followed by a consolidation period occupied by either rest or a 
2-Back task. The duration of these conditions was set to 9 minutes. Subsequent to the two encoding-delay sessions, a 
surprise test of recognition memory was administered by presenting 180 object-words pairs that were either identical 
to the encoding sessions or recombined. Participants were randomly allocated to either the 2BackEnd group or the 
RestEnd group in a counterbalanced manner. Refer to Figure 2.1 for detailed visual description
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Accordingly, a higher score on this task indicates a lower executive functioning ability. 
We used the computerized version of this task where participants had to randomly click on 
the digits 1–9, laid out in a 3 × 3 grid on a screen. Performance on this task invokes WM 
processes like maintenance of set size, monitoring previous responses, switching strategies 
as well as suppressing prepotent responses [116].
Procedure
The experiment involved two incidental encoding-delay blocks followed by a recognition 
test and post-experimental questionnaire. One of the delay periods consisted of quiet rest 
whereas the other consisted of a 2-Back task; both lasting for 9 min each (see Figure 3.1). 
Participants were randomly allocated to one of two order groups (2BackEnd, RestEnd) in 
a counterbalanced fashion. One group (2BackEnd) received Rest in the first delay period 
and the 2-Back task in the second delay period, whereas the other group (RestEnd) had the 
order reversed. During each encoding trial, participants were asked to create an imaginative 
association between the word-picture pair displayed on the screen for a fixed duration of 4 s, 
and rate its vividness on a scale of 1 to 3 using the keyboard within 5 s. After a button press 
or when the 5 s limit lapsed, the next trial began with a fixation-cross displayed for 0.5 s. 
During one of the delay periods (Rest), participants rested in a quiet dark room for 9 min. 
The other 9-minute delay period (2-Back) consisted of a dynamic difficulty-adjusted 2-Back 
(DDA 2-Back) task involving digits from 1 to 5. Depending on the cumulative performance 
of the participant at each moment, the duration of the next 2-Back trial varied between 0.8 s 
to 4.0 s. In this way any change in participant’s skill was matched by a proportional change 
in task difficulty, thereby maintaining a sense of “flow” [72]. Participants also received a 
short feedback after each trial prompting them to keep their attention focused. Details of the 
2-Back task design can be found in our previous study [Exp. 3, Chapter 2; 94]. 
During the recognition test, all 180 trials were similar to encoding trials except that the 
vividness judgment was replaced by a recognition question (“Identical or Recombined pair?”) 
lasting for a maximum of 5 s. Participants then rated their confidence (“Sure or Unsure?”) in 
the next 3 s. Pairs from both encoding sessions appeared in random order. 
Participants received a short practice of all tasks before the experiment began. All 
experimental stimuli were presented using PsychoPy presentation software [71]. 
Analysis
Before analysis, the data underwent various validity checks and pre-processing. Firstly, 
recognition trials for word-picture pairs to which a participant did not respond in the encoding 
phase were removed from the analyses. Secondly, although we had participants judge their 
confidence in response to recognition trials, we observed variable response bias, with some 
being very conservative than others [96, 117]. As such, we decided to include both sure and 
unsure trials in our analyses. Corrected memory performance scores were calculated as the 
difference between hit rate of identical trials and false alarm rate of recombined trials [70]. 
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The resulting memory scores for each condition (associated with encoding prior to Rest or 
a 2-Back delay period) were added to a repeated-measures (RM) ANOVA as within-subject 
variables. 
Based on our hypothesis related to the effect of mindwandering on post-encoding 
consolidation in the older age group, we added the Mindwandering Propensity score (MWP) 
to the RM-ANOVA as a covariate of interest. We then included two factors of no-interest 
to ensure that the comparison between our consolidation conditions was free from other 
confounds. Firstly, RNG task score was added as a covariate of no interest to regress out the 
effect of executive decline on memory performance. Secondly, “order” (levels: ‘RestEnd’ 
and ‘2BackEnd’) was added as a between-group factor since the degree of consolidation 
during each delay period could be affected by the order of the two encoding-delay blocks, 
as well as the time elapsed between encoding of each condition and the recognition test. All 
results were analyzed using IBM SPSS 23, at an alpha level of 0.05.
Table 3.1: Demographic and experimental measurements of each order group. Memory Scores 
represent the hits – false alarm rates related to each condition; D-prime scores represent normalized hits – false 
alarm rates related to each condition. Working Memory score represents the proportion of trials correctly identified 
as 2-Back trials – proportion of trials incorrectly identified as 2-Back trials; ‘Avg. RT: 2BackTask (s)’ is the Average 
Reaction Time in seconds during the 2-Back task; ‘RNGScore’ = Score on the Random Number Generation task; 
‘MWPScore’ = Score on the Mindwandering Propensity questionnaire; ‘Education-level’ = Participants in each 
Level of Dutch Education (1: Lower Elementary School to 5: Higher Vocational Training); and ‘Age’ = Participants 
age in years. High scores in RNG or MWP measurements represent lower executive functioning capacity or higher 
mindwandering tendency, respectively. Asterisks (*) in the table indicate significant differences (p < 0.001) across 
the order groups.
Measurements RestEnd Group 2BackEnd Group
Memory Score: Rest Condition 0.38 ± 0.22 0.40 ± 0.18
D-prime: Rest Condition 1.21 ± 0.76 1.24 ± 0.60
Memory Score: 2-Back Condition 0.26 ± 0.19 0.50 ± 0.23*
D-prime: 2-Back Condition 1.20 ± 0.78 1.97 ± 1.10*
Working Memory Score: 2-Back task 0.22 ± 0.24 0.47 ± 0.20*
Avg. RT: 2-Back task (seconds) 1.24 ± 0.45 1.22 ± 0.42
RNG Score (range 0-1) 0.35 ± 0.04 0.32 ± 0.05
MWP Score (max. 201) 109.69 ± 15.29 104.62 ± 17.22
Education-level (1-5) 3.54 ± 0.66 3.92 ± 0.49
Age (years) 67.93 ± 3.89 69.54 ± 4.55
Results
Table 3.1 shows the mean and standard deviations of demographic and experimental measures 
across both order groups. Average performance on the 2-Back task across participants reached 
a performance of 0.34 ± 0.24 (hits – false alarm rates) and reaction time of 1.23 ± 0.42 s. 
As shown in the table, participants in the ‘2BackEnd’ group outperformed their counterparts 
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in the ‘RestEnd’ group on the 2-Back task performance; t(24) = 2.95, p = 0.007, despite 
matching on education levels; Mann-Whitney’s U = 60, p = 0.12, RNGScore; t(24) = -1.68, 
p = 0.11, MWPScore; t(24) = -0.79, p = 0.43, and age; t(24) = 0.97, p = 0.34. Accordingly, 
we expected that differences in the order of delay conditions across the order groups might 
influence the memory scores.
Descriptive tests between the experimental and demographic measures revealed a 
trend in correlation across participants between age and MWP score (Pearson’s r = -0.38, 
p = 0.058) suggesting a near-significant decline in mindwandering tendency with advancing 
age [35-37]. We also found a correlation between memory score associated with 2-Back 
condition and 2-Back task performance (r = 0.54, p = 0.004). This suggests that a higher 
capacity to focus on the 2-Back task may be useful in inhibiting task-unrelated thoughts, 
thereby reducing interference to the ongoing consolidation of word-picture pairs encoded 
just prior to the 2-Back task [118-120]. Within each order group (N = 13), however, these 
tests yielded different results. For the ‘RestEnd’ order group, a) RNG score correlated 
positively with age and negatively with memory performance in both conditions, indicating 
that participants’ memory retention ability was affected by age-related cognitive decline. As 
for the ‘2BackEnd’ order group, none of the aforementioned correlations were found. These 
results indicate that despite randomly allocating participants, the two order groups were not 
balanced. However, adding RNG score and Order as nuisance variables in the RM-ANOVA 
may allow us to correctly interpret memory performance differences between the two delay 
conditions and the effect of mindwandering propensity.
Consistent with our previous work in younger adults [Chapter 2; 94], memory scores 
did not differ significantly between the two delay conditions; F(1, 22) = 0.33, p = 0.57. 
No main effect of order on average memory performance was found; F(1, 22) = 1.76, p = 
0.19. However, we found a significant delay condition by order interaction effect; F(1, 22) = 
12.31, p = 0.002. Posthoc paired t-tests within each order groups revealed that participants 
in the ‘RestEnd’ group had higher memory performance associated with the Rest condition 
(M = 0.38, SD = 0.22) than the 2-Back condition (M = 0.26, SD = 0.19); t(12) = 2.99, p = 0.01, 
whereas in the ‘2BackEnd’ group, memory performance associated with the Rest condition 
(Rest: M = 0.40, SD = 0.18) was lower than the 2-Back condition (M = 0.51, SD = 0.23); 
t(12) = -2.28, p = 0.04. Posthoc independent-samples t-tests showed that Rest condition did 
not differ across the two order groups (RestEnd: M = 0.38, SD = 0.22; 2BackEnd: M = 0.40, 
SD = 0.18); t(24) = -0.24, p = 0.81. However, in the case of the 2-Back condition, memory 
performance was significantly higher in the ‘2BackEnd’ group (M = 0.51, SD = 0.23) than 
in the ‘RestEnd’ group (M = 0.26, SD = 0.19); t(24) = 2.95, p = 0.007. In summary, this 
interaction effect seems to be driven by an advantage to the condition occurring towards 
the end of the experiment (i.e., recency effect), in particular for the 2-Back condition in the 
‘2BackEnd’ order group.
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Figure 3.2: Correlation between Mindwandering Propensity and difference of memory 
performance between Rest and 2-Back conditions. The Y-axis corresponds to the Mindwandering 
Propensity score across all participants. The X-axis corresponds to the difference between associative memory 
recognition score of Rest condition minus 2-Back condition across all subjects. The plot represents the correlation 
between these measures (Pearson’s r = 0.41, p = 0.03), where each dot represents a single participant and the line 
represents best-fit linear trend.
Further analysis did not show any significant interaction between RNG score and memory 
performance in the two delay conditions; F(1, 22) = 0.45, p = 0.51. However, in line with 
our prediction, we found a trend towards a delay condition x MWP score interaction effect; 
F(1, 22) = 3.07, p = 0.09, indicating that the propensity to mindwander had an effect on 
the difference between our delay conditions irrespective of the order groups. To investigate 
this trend, we first ran a correlational test to check whether the MWP score modulates 
the difference in memory performance between the two delay conditions (Rest - 2-Back) 
regardless of the order. Our results showed a positive relationship between mindwandering 
propensity in the Rest condition over the 2-Back condition; Pearson’s r = 0.41, p = 0.03 
(see Figure 3.2). Running the correlation analysis separately for Rest and 2-Back conditions 
however, did not show any significant effects (rest: p = 0.33; 2-Back: p = 0.49). This finding 
suggests that relative to 2-Back condition, the retention of items learned prior to the Rest 
condition was better for participants who had a higher mindwandering propensity
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Discussion
The principal aim of the current study was to investigate whether engaging in a post-encoding 
2-Back task could promote memory consolidation in older adults to the same extent as a post-
encoding rest period. Given that this finding was previously demonstrated in younger adults 
[Chapter 2; 94], this study further investigated whether aging-related reduction in cognitive 
functioning and mindwandering could affect memory consolidation in either of these post-
encoding states. In order to test this, we compared the degree of memory consolidation of 
word-picture pairs learned prior to Rest (baseline) and 2-Back periods, using a recognition 
test. We also collected post-experimental data on participants’ general cognitive performance 
using a Random Number Generation task (RNG) and their mindwandering propensity (MWP) 
using a questionnaire. The data from these tests were important between-subject controls in 
our statistical analyses. The results of our analyses showed that, a) similar to the case of 
younger adults [Chapter 2; 94], memory performance was no different when post-encoding 
delay period was engaged in a 2-Back task or a quiet rest period, and b) participants with 
higher mindwandering tendency drew more support for memory consolidation from the Rest 
condition as compared to the 2-Back condition, and vice-versa. Along with the main results, 
we also found that a) older age was associated with a decline in mindwandering tendency, 
and b) participants with higher performance on the 2-Back task also showed better memory 
performance for items learned prior to the 2-Back task. 
Previous studies have shown that older adults are susceptible to memory interference 
when the post-encoding period is filled with distracting tasks. However, similar to the case 
of younger adults [Chapter 2; 94], this study clearly shows that the overall retention of items 
learned prior to performing a cognitively demanding task (i.e., the 2-Back condition) does 
not differ significantly from the retention of items learned prior to a wakeful Rest condition. 
This finding indicates that despite a consistently reported reduction in episodic and working-
memory performance in older adults, engaging in a 2-Back task supports their memory 
consolidation to the same extent as quiet wakeful rest. Our results suggest that, as compared 
to other ‘interference tasks’, the high attentional demands and absence of semantic stimuli in 
the 2-Back task may reduce autobiographical thinking and environmental distraction, both 
of which may interfere with the consolidation of the items learned prior to the task [29]. 
As indicated by the positive correlation between the 2-Back task performance and memory 
performance associated with the 2-Back condition, the effective recruitment of executive 
resources [102, 104] during the 2-Back condition may be crucial in reducing interference 
to memory consolidation of word-picture associations. Additionally, since this correlation 
was not observed with regard to the Rest condition, our results only partially support 
theories suggesting that intact working-memory processing is essential to episodic memory 
functioning (e.g., for elaboration during encoding, maintenance and selection during retrieval 
[118-120]). 
Our results also show an interaction between mindwandering propensity scores (MWP) 
and the delay condition type on the memory performance associated with these conditions. In 
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particular, we observed that the difference between the consolidation achieved during the Rest 
and 2-Back conditions was modulated by the mindwandering propensity of our participants. 
This finding provides more insight into the effect of additional executive recruitment during 
the 2-Back task on memory consolidation. Participants with higher MWP scores benefitted 
more from the Rest condition than the 2-Back condition, whereas participants with lower 
MWP scores benefitted more from the 2-Back condition than the Rest condition. It seems to 
be the case that the directionality of the effect of mindwandering on memory consolidation 
depends on the degree of mindwandering permissible in the post-encoding period [37, 121]. 
Moreover, the lack of a direct correlation between MWP score and memory performance score 
in either condition indicates that the degree of mindwandering may not have a strictly linear 
effect on consolidation. As indicated in the introduction, mindwandering may support memory 
consolidation of recently acquired memories if we are covertly rehearsing or reliving the 
learning experience [32, 37]. However, when our thoughts are distracted by current concerns 
or environmental cues, the episodic memory processing associated with such stimuli may 
interfere with the ongoing consolidation of recently acquired memories [29]. Therefore, on 
an everyday basis, any goal-directed action or thought including mindwandering (involving 
memory encoding or retrieval), may come at the cost of interruption of ongoing memory 
consolidation, leading to forgetting [43, 46]. 
In the case of post-encoding rest, it is possible that participants’ thoughts about the word-
picture pairs may enhance memory retention. However, if their thoughts are related to irrelevant 
autobiographical events for instance, memory consolidation of word-picture pairs may suffer 
from interference [29]. As such, the degree of overall memory consolidation achieved during 
a rest period may be the result of a compromise between the opposing effects of encoding-
related and unrelated thoughts. Since the Rest condition allows for higher mindwandering than 
the demanding 2-Back task, participants who had higher mindwandering propensity probably 
benefitted from more support from thoughts related to the encoded material during the Rest 
condition. On the other hand, in the case of 2-Back task, it is possible that mindwandering 
related to both encoded and irrelevant autobiographical events is lower as compared to the Rest 
condition. Accordingly, the 2-Back condition may receive less support from mindwandering 
related to the encoded items. However, such disadvantage may be neutralized by a concomitant 
reduction in interference arising from mindwandering about autobiographical events. Since 
the likelihood of mindwandering is reduced during the 2-Back condition relative to the Rest 
condition, participants with lower mindwandering propensity probably benefitted from a 
higher reduction in autobiographical thoughts unrelated to the encoded material. The positive 
correlation between 2-Back task performance and 2-Back memory performance further 
supports our interpretation that participants who were able to focus more on the 2-Back task 
benefitted more from the 2-Back condition. This difference might be the result of greater 
mindwandering suppression in high-performing participants, as compared to those who 
continued to mindwander and presumably performed poorly on the 2-Back task. The latter group 
of participants may have experienced mindwandering due to performance-related worries or 
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introspection [109]. Being unrelated to the learning experience, these evaluative thoughts may 
have caused interference during the 2-Back task, in a way similar to the interference reported 
in the case of previously used interference tasks like psychometric tests, mental arithmetic, 
picture-search or autobiographical thinking tasks [16-18, 29, 38, 39, 50]. 
Limitations
Although the degree of actual mindwandering prevalent during the consolidation conditions 
is highly relevant to our study, we did not use an experience-sampling measure to quantify 
such mindwandering to avoid uncontrolled interference effects. The post-experimental 
imaginal process inventory questionnaire (sIPI) does provide a reliable indication of general 
mindwandering propensity in our subjects as it showed an expected decline of mindwandering 
with age, in line with previous literature [35-37]. However, future studies should include 
a short post-delay (post-Rest/2-Back) questionnaire that could measure proportions of 
thoughts dedicated to rehearsal of encoded items, autobiographical thoughts, resting, 2-Back 
task etc. By obtaining such distribution of thoughts, the contribution of mindwandering 
to consolidation can be dissected more clearly. Given the behavioral nature of the study, 
our hypothesis and implications related to the role of executive and memory processes 
underlying the studied effects also need to be corroborated with neuroimaging evidence. By 
means of functional connectivity analysis of hippocampal interaction with regions associated 
encoding, executive functioning and autobiographical thinking, the role of mindwandering 
can be better quantified. 
Conclusion
Both behavioral and neuroimaging research has shown that quiet wakeful rest can boost 
memory consolidation in order adults, probably due to a high degree of consolidation 
promoting processes such as covert rehearsal and automatic replay of the memory traces 
[39, 43, 62, 84]. However, similar to our previous study in younger adults [Chapter 2; 
94], our results show an equivalent benefit to memory consolidation when older adults 
engage in a demanding 2-Back task during the post-encoding period. We further found 
that mindwandering propensity has a critical role to play in memory consolidation both 
during and in the absence of a task. Participants who tend to mindwander more show higher 
consolidation during post-encoding rest periods, while participants who tend to mindwander 
less show higher consolidation during post-encoding engagement in a 2-Back task. 
Our data suggests that mindwandering during the post-encoding period may benefit as 
well as interfere with consolidation depending on the content and degree of mindwandering. 
During simple tasks or a period of rest, resources are freely available for a variety of memory 
processes. In such situations, part of the resources allocated towards mindwandering 
about learned items may benefit memory consolidation but others allocated towards 
autobiographical thinking might cause an overall reduction in memory consolidation. On the 
other hand, during tasks that demand high cognitive control such as the 2-Back task, memory 
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consolidation might slow down due to unavailability of resources for memory reactivation 
and mindwandering. At the same time, memory interference due to autobiographical 
thinking might also be minimal. Accordingly, it seems that the partial interruption of ongoing 
consolidation of recently acquired memories to maintain goal-directed memory processing 
(e.g., autobiographical thinking) could be a necessary feature of memory processing 
mechanisms [43, 46]. Additionally, the fact that older adults are able to utilize a 2-Back 
task to maintain memory consolidation, points to another compensatory mechanism in older 
adults [102, 104]. It is possible that the over-recruitment of frontal areas during the n-Back 
task could compensate for a reduction in hippocampal function, especially in participants 
with lower mindwandering tendencies. Overall, our results show that, similar to the case 
of younger adults [Chapter 2; 94], memory consolidation in older adults does not suffer 
interference if post-encoding mental processes are engaged in the n-Back task. Depending 
upon individual mindwandering tendencies, engaging in quiet wakeful rest or an n-Back task 
during the post-learning period might serve as effective strategies to reduce ageing-related 
episodic memory decline.
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Abstract
During a post-encoding delay period, the ongoing consolidation of recently acquired 
memories can suffer interference if the delay period involves encoding of new memories, 
or sensory stimulation tasks. Interestingly, two recent independent studies suggest that (a) 
autobiographical thinking also interferes markedly with ongoing consolidation of recently 
learned wordlist material, while (b) a 2-Back task might not interfere with ongoing 
consolidation, possibly due to the suppression of autobiographical thinking. In this study, we 
directly compare these conditions against a quiet wakeful rest baseline to test whether the 
promotion (via familiar sound-cues) or suppression (via a 2-Back task) of autobiographical 
thinking during the post-encoding delay period can affect consolidation of studied wordlists 
in a negative or a positive way, respectively. Our results successfully replicate previous 
studies and show a significant interference effect (as compared to the rest condition) when 
learning is followed by familiar sound-cues that promote autobiographical thinking, whereas 
no interference effect is observed when learning is followed by the 2-Back task. Results from 
a post-experimental experience-sampling questionnaire further show significant differences 
in the degree of autobiographical thinking reported during the three post-encoding periods: 
highest in the presence of sound-cues and lowest during the 2-Back task. In conclusion, 
our results suggest that varying levels of autobiographical thought during the post-encoding 
period may modulate episodic memory consolidation.
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Introduction
In the recent testing-effect/retrieval practice literature, the retrieval of recently learned items 
from memory has been shown to strengthen memory traces (see reviews by [30, 122]). 
However, even in the absence of conscious rehearsal, interference-free post-encoding 
environments like sleep or quiet wakeful rest can lead to significant improvements in the 
retention of recently acquired memories through a process of memory consolidation [2, 39, 41]. 
During such offline periods, the hippocampus triggers repeated reactivation of neural activity 
patterns, which code the prior learning experience [11, 84], gradually strengthening the 
associated memory trace [20, 123].
At the same time, there are several factors that can distort or interrupt the consolidation 
of recently acquired memories [43, 46]. Firstly, it is evident that contextually overlapping 
memory processing, such as cue-overload or AB-AC paradigm [66], can cause forgetting 
due to similarity in the content of initial and subsequent learning (i.e., A-B association 
is weakened after learning A-C association). Secondly, interference can also arise from 
cognitive processes that deal with information that is unrelated or dissimilar to prior 
learning. For example, the retention of a wordlist is significantly reduced when learning is 
followed by engagement in tasks, such as the spot-the-difference task, mental arithmetic, 
tone-detection, picture search or the viewing of video clips, as compared to a short period of 
quiet wakeful rest [18, 29, 38]. Finally, forgetting may also occur due to internally generated 
thoughts [29]. Note that, in the absence of tasks that require intentional control of thoughts or 
directed attention towards stimulus processing, a resting mind generally tends to wander to 
images, voices and feeling, etc. [47, 124]. However, in the presence of external stimulation, 
this tendency can be exaggerated, with consequences of interference to ongoing memory 
consolidation [29]. For example, when participants are presented with a wordlist followed 
by a 9 min rest period, interspersed with ten short familiar sound-cues (e.g., a cat’s meow, 
which could trigger participants to think about things related to cats), memory retention of 
the studied wordlist significantly drops as compared to when the study phase is followed by 
9 min of quiet wakeful rest [29]. Behavioral reports further indicate that such environmental 
cues could trigger retrieval of cue-associated memories from one’s personal past and/or 
imagination of a future scenario, even in the absence of explicit instructions to do so [25, 29].
The forgetting of studied materials observed in these tasks can be associated with the 
interruption of activities that aid the consolidation process. Such interruption may arise 
from novel memory encoding or retrieval, associated with sensory stimulation from the 
environment or from autobiographical thinking [18, 25, 29, 38]. Mednick and colleagues [46] 
and Wixted [43] proposed that this retroactive interference is caused when novel encoding 
usurps limited hippocampal resources that are otherwise engaged in consolidating previously 
encoded memories. They suggest that there is a tradeoff between resources allocated towards 
ongoing memory consolidation and novel goal-directed memory processing (keeping track 
of the current environment, attending to salient stimuli and maintaining a logical stream of 
thought). Under this assumption, consolidation of recently acquired memories could suffer 
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interference when the post-encoding period is filled with novel episodic memory processing 
-such as autobiographical thinking - which is unrelated to the encoded material [29]. Limiting 
such autobiographical thoughts during the post-encoding period could free up episodic 
memory resources for ongoing consolidation, thereby reducing interference effects.
Preliminary evidence in support of this idea comes from our recent research where we 
demonstrated that post-encoding engagement in a modified 2-Back task leads to the same 
degree of memory retention as in a quiet wakeful rest [Chapter 2; 94]. Specifically, our results 
showed that the degree of memory retention does not differ when the post-encoding period 
is filled with 9 min of quiet wakeful rest or 9 min of a 2-Back task. This result was replicated 
across six experiments, involving different memoranda (word-picture pairs, wordlists and 
faces), task designs (3-Back and a difficulty-adjusted 2-Back task) and memory tests (free-
recall and recognition). On the one hand, the degree of offline consolidation during an 
n-Back-task may have been lower as compared to a quiet wakeful rest period, as participants 
may have had less opportunity to engage in learning-related memory processes (e.g., 
automatic reactivation and spontaneous or intentional rehearsal of studied words, pictures 
or faces) during the n-Back tasks. On the other hand, the continuous attentional demands of 
the n-Back task might have reduced the type of mindwandering/autobiographical thinking 
that can occur during wakeful rest and has been shown to interfere with consolidation [29]. 
Moreover, the n-Back task could also have reduced experimental/environmental stimulation 
or autobiographical thinking associated with the use of familiar sounds, stories or pictures 
used in common interference tasks [29, 38, 39].
Numerous functional magnetic resonance (fMRI) studies have shown reduced processing 
in the hippocampus during a 2-Back task, as compared to a fixation baseline [53] or a non-
memory guided sensorimotor baseline task, such as a 0-Back task [52, 54, 55], suggesting 
lower involvement of this structure in performing the 2-Back task. This relative change in 
hippocampal activity could arise from a reduction in episodic memory processes normally 
associated with mental imagery and autobiographical thinking [53, 56]. Patients suffering 
from episodic memory disorders due to, for example, schizophrenia or temporal lobe epilepsy, 
are also able to execute the 2-Back task, but their reduced performance seems to arise from 
a failure to successfully deactivate medial temporal lobe (MTL) structures, including the 
hippocampus [69, 125, 126]. But this does not seem to be the case for all working-memory 
(WM) tasks. Some fMRI studies have also found evidence for the recruitment of MTL 
structures in WM tasks, like, Delayed Match-to-Sample (DMS) and Sternberg paradigms for 
encoding relational items, sequences and maintenance of multiple items [57-59]. Relative 
to the 2-Back, these tasks place low demands on the continuous updating of WM and high 
demands on temporary storage and maintenance of presented items for delayed recognition, 
which could lead to sustained neural activation in the MTL [126]. Additionally, as compared 
to DMS, Sternberg and interfering tasks, such as mental arithmetic, the 2- and 3-Back tasks 
reported in Varma et. al [Chapter 2; 94], had a short ISIs (~ 800ms) and employed trial-by-
trial feedback to induce constant deployment of attention and self-monitoring. Therefore, 
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the 2-Back task demands might act as a cognitive barrier against interference from thoughts 
that are unrelated to the previously encoded material. In contrast with a post-encoding period 
that triggers autobiographical thinking or other episodic memory processes, engaging in a 
2-Back task during the post-encoding period may spare limited episodic memory resources 
for consolidation processes. However, this has never been tested behaviorally within-subjects 
and within the same experimental design.
These independent, cross-study observations motivated our hypothesis in the current 
study that tasks promoting autobiographical thinking during the post-encoding period are 
detrimental to consolidation, as compared to tasks that suppress autobiographical thinking. 
Similar to previous studies [29, 94; Chapter 2], our testing paradigm consisted of three blocks 
of incidental encoding of wordlists, each followed by a 9-minute delay (consolidation) 
period. This period either involved a quiet wakeful rest (baseline), a rest period interspersed 
with familiar sounds (‘rest+sounds’ condition, promoting autobiographical thinking), or a 
2-Back task (suppressing autobiographical thinking), in a counterbalanced order. Following 
the three encoding-delay periods, there was a delayed free-recall test of all studied wordlists. 
We compared the effect of these three periods on the memory retention of words learned 
prior to these delays. An experience-sampling questionnaire was also added at the end of the 
experiment to test whether the degree and nature of post-encoding thoughts was related to 
the degree of memory consolidation in each delay condition. Following our hypothesis, and 
as shown previously by Craig et al., (2014) [29], we predicted that the rest+sounds condition 
would show greater forgetting, as compared to the rest condition due to interference from 
autobiographical thoughts cued by the familiar sounds. Furthermore, we hypothesized that 
the 2-Back task may not cause interference to consolidation compared to the rest+sounds 
condition, since the task demands allow little room for autobiographical thinking. A finding 
in favor of our hypothesis would motivate a reexamination of the role of spontaneous 
autobiographical thinking in memory consolidation and the brain states necessary for 
consolidation or interference to occur.
Material and Methods
We combined the paradigms used in the two studies described above [29, 94; Chapter 2] 
to investigate whether a post-encoding period filled with a 2-Back task is better than an 
autobiographical-thinking task for consolidation of the studied wordlist. The procedure 
consisted of three blocks of incidental encoding of wordlists, each followed by a 9-minute 
delay period [29, 94; Chapter 2], involving quiet wakeful rest, rest with sounds, or a 2-Back 
task, in a counterbalanced order, and ending with a delayed free-recall test of the wordlists. 
We compared the effect of these three periods on the retention of words learned prior to these 
delays. At the end of the experiment, participants also completed an experience-sampling 
questionnaire.
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Participants
Assuming ηp
2 = 0.19 from our prior work [Chapter 2; 94] we calculated that 34 participants 
were necessary for reliable power (1-β = 0.95) [127]. However, counterbalancing for within-
subject factors employed in previous research [29] required the number of participants to 
be 36 (across six rotations of order). Of the recruited 36 participants, six were removed 
from the study due to inattentiveness to the task (i.e., not complying with the instructions) 
or indiscriminate or inaccurate button presses, resulting in poor performance on the 2-Back 
task (d-prime > 2-SD below the group average). Six more participants were recruited to 
replace the outliers, while ensuring counterbalancing of order. In total, 42 native Dutch-
speaking, healthy students (40 women, Mage = 21.69, SD = 2.57, see limitations section) 
were recruited from the Radboud University student pool, of which 36 (34 women, Mage = 
21.75, SD = 2.56) were considered for analysis after outlier removal. After receiving written 
and oral instructions from the experimenter, all participants gave written informed consent 
in accordance with the Declaration of Helsinki. At the end of the experiment, participants 
received course credits or monetary compensation. This study was reviewed and approved by 
the Ethics Committee of the Faculty of Social Sciences of Radboud University.
Encoding Lists
Forty-five commonly used Dutch nouns were recorded in the voice of a native speaker of 
the Dutch language. These words were chosen to have minimal semantic relatedness but 
were matched on frequency and concreteness. From these 45 words, 3 lists of 15 words each 
were prepared and assigned an equal number of times to the three conditions, across the six 
counterbalanced orders.
Procedure
The experiment was divided into three blocks, one for each condition (Figure 4.1A). Every 
block consisted of an encoding session, followed by an immediate recall test and a 9-minute 
delay (consolidation) period. Across the three blocks, the 9-minute delay periods were 
occupied either by a quiet wakeful rest (rest condition), a rest period interspersed with familiar 
sounds (rest+sounds condition), or a 2-Back task (2-Back condition), in a counterbalanced 
order across participants. There were no breaks between successive blocks. At the end of the 
third block, we measured memory retention of the three lists using an unexpected free-recall 
test (delayed recall). During both immediate and delayed recall tests, participants could recall 
as many words as possible, in any order. A mobile device was used to record responses during 
these tests, which were scored offline. The experiment was designed using the PsychoPy 
presentation software [71].
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Figure 4.1: Experimental Design and Results. (A) General experimental design involved memorizing and 
recalling a list of 15 words in three incidental encoding blocks. Each encoding block was followed by a delay 
period occupied either by quiet wakeful rest (rest condition) or rest interspersed with familiar sounds (rest+sounds 
condition), or a 2-Back task (2-Back condition) in a counterbalanced order across subjects. The duration of these 
delay periods was set to 9 min. At the end of the three encoding-delay sessions, an unexpected delayed recall test 
measured memory retention of all 45 words. (B) Sample sequence in the 2-back task. ‘L’ and ‘R’ correspond to 
‘Left’ and ‘Right’ arrow key, one for target and the other for non-target response, indicating sample responses to 
the 2-Back stimuli. Highlighted numbers indicate correct (green) or incorrect responses (red). (C) Rest+sounds 
condition depicting sample autobiographical past/future thoughts triggered by sound cues. (D) Results show a 
significant reduction in retention when learning was followed by the rest+sounds condition, as compared to the 
2-Back condition. No significant difference was observed between the 2-Back and rest conditions. Error bars 
represent +1 SEM. (E) Results from the post-experimental experience-sampling questionnaire, showing the average 
proportions of thoughts related to various mental activities during the three delay periods (here ‘SOTs’ stands for 
Stimulus-Oriented Thoughts and ‘ABT’ stands for Autobiographical Thoughts).
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Encoding Task
During the encoding block, a list of 15 words was presented aurally, one word every 2 s. 
Participants were instructed to memorize the given wordlist, with the expectation of a quick 
test of retention immediately following the presentation. An ‘immediate recall’ test was then 
conducted to obtain a score for initial memory retention, before the 9-minute delay period 
began.
2-Back Task
One of the three encoding sessions was followed by a delay of 9 min, during which participants 
engaged in a 2-Back task involving numbers. The design of the 2-Back task was identical 
to that in our previous experiments (see Exp. 1-2, 5-6 in [Chapter 2; 94]). For each trial, a 
random number (between 1-5) was displayed in the middle of the screen for a maximum of 3 
s. Participants were instructed to press the “right” key if this number was the same as the one 
displayed two trials earlier, or press the “left” key otherwise. Upon responding, the number 
turned green or red for 300 ms, indicating whether the judgment was correct or incorrect, 
respectively (Figure 4.1B). Such trial-by-trial feedback was aimed at motivating participants 
to be more attentive towards the task in order to achieve optimal performance. No other 
item or information was displayed on the screen to avoid distraction. At the beginning of the 
experiment, participants were acquainted with the demands of the task via a short practice 
session.
Quiet Rest
Similar to previous research [29, 38], during the rest condition, subjects remained in the 
room for 9 min, during which a fixation-cross remained on the screen. After dimming the 
lights, the experimenter left the room to ‘prepare the next part of the study’. During this time, 
participants were instructed to rest quietly while remaining seated.
Rest with Sound-cues
The design of the rest+sounds condition was adapted from Craig et al. [29]. For this condition, 
participants were presented with 10 audible stimuli (4-5 s long) during the post-encoding 
delay period of 9 min. These stimuli consisted of sounds encountered in everyday life 
(e.g. ‘clapping’, ‘playground’, ‘clock’, etc.) that may trigger memories from one’s personal 
past or the imagination of a future scenario (Figure 4.1C), but did not overlap with words in 
the study lists. The sound cues were randomly spaced apart (20 s – 70 s), and the task lasted 
9 min in total. Participants were instructed to rest quietly while sounds would be played to 
keep them awake. No instructions were given to neither identify the sounds nor engage in 
any autobiographical thinking during this period. Lights in the room remained dim during 
this condition.
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Experience-Sampling Questionnaire
At the end of the experiment, participants completed a computer-based non-descriptive 
experience-sampling questionnaire. The purpose of the questionnaire was to a) assess 
proportions of thoughts during the delay period that were related to the encoding task (rehearsal 
of the words) or unrelated (spontaneous mindwandering or autobiographical thinking related 
to the cued sounds) and, b) verify that subjects experienced overall more autobiographical 
thinking during the rest+sounds condition relative to the rest condition. Subjects were asked 
to answer a question regarding the rest delay period, which was, “What % of your thoughts 
were related to each of the following activities: a) Resting/Meditation/Relaxation/Absence 
of any specific thoughts, b) Thoughts about past/present/future events, c) Words you learned 
prior to the delay period, and d) Other thoughts (please provide examples).” Hereafter, the 
proportion of thoughts related to past/present/future events is referred to as ‘mindwandering’. 
The proportion of spontaneous thoughts related to or intentional rehearsal of previously 
learned words is referred to as stimulus-oriented thoughts or SOTs. Mental activities related 
to meditation, relaxation or absence of any specific thoughts was classified under proportion 
of thoughts related to ‘rest’ to distinguish them from mindwandering. For the 2-Back delay 
period, the question regarding ‘% of Thoughts related to Resting/Meditation…’ was replaced 
by ‘% of Thoughts related to the number task’. For the rest+sounds delay period, the question 
regarding ‘% of Thoughts about past/present/future events’ was split into two: participants 
were asked about thoughts related to the sound-cues (autobiographical thoughts), versus 
thoughts unrelated to the sound-cues (mindwandering). In summary, for each delay period, 
participants had to indicate the proportion of thoughts that were related to various mental 
activities such as rest, SOTs, mindwandering, 2-Back task or autobiographical thinking 
related to sound-cues, adding up to a total of 100%. In case of a non-zero response to the 
proportion of “Other thoughts” during a delay period, its value was added to the appropriate 
thought-category of the associated delay period, depending on the examples provided by the 
participant in the questionnaire.
Analyses
We calculated a proportional retention score for each wordlist, by dividing the number of 
words recalled during the delayed recall test by those originally recalled during the immediate 
recall test. Where the delayed recall score exceeded the immediate recall score (which was 
true for 1 participant in the 2-Back condition), the proportional retention score was capped 
at 1. In order to confirm that baseline memory performance did not differ across the three 
wordlists, we ran a repeated measures (RM)-ANOVA with immediate recall scores as within-
subject dependent variables. A second RM-ANOVA was conducted on the proportional 
retention scores to test for the effect of the three delay periods on memory performance. 
‘Order’ was added as a between-subjects variable to test whether the main effects persisted in 
the presence of any residual interaction between the order of the encoding-delay blocks and 
memory performance, despite counterbalancing. From the experience-sampling questionnaire 
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Table 4.1: Memory Performance by Delay Conditions and Order. Table shows overall memory 
performance scores (Mean ± SD) associated with each delay condition within each order group. For reference, 
participants in order group ‘Rest – 2-Back – Rest+Sounds’ encountered delay conditions in the order of Rest, 
followed by 2-Back and Rest+Sounds condition at the end.
Order Rest 2-Back Rest + Sounds
Rest – 2-Back – Rest+Sounds 0.61 ± 0.21 0.8 ± 0.19 0.73 ± 0.14
Rest – Rest+Sounds – 2-Back 0.83 ± 0.16 0.81 ± 0.09 0.67 ± 0.17
2-Back – Rest – Rest+Sounds 0.7 ± 0.16 0.66 ± 0.07 0.73 ± 0.16
2-Back – Rest+Sounds – Rest 0.89 ± 0.12 0.76 ± 0.13 0.63 ± 0.17
Rest+Sounds – Rest – 2-Back 0.69 ± 0.21 0.77 ± 0.06 0.5 ± 0.23
Rest+Sounds – 2-Back – Rest 0.79 ± 0.14 0.74 ± 0.16 0.67 ± 0.24
Average: 0.75 ± 0.19 0.76 ± 0.11 0.66 ± 0.19
The results from the second RM-ANOVA showed a significant main effect of the delay 
periods, in terms of the proportional retention scores (rest: M = 0.75, SD = 0.19; 2-Back: 
M = 0.76, SD = 0.11; rest+sounds: M = 0.66, SD = 0.19), F(2, 60) = 5.32, p = 0.007, 
ηp
2 = 0.15. In line with previous work [29], we found that the rest condition was 
significantly better than the rest+sounds condition, t(35) = 2.28, p = 0.029, 95% 
confidence interval (CI) = [0.01, 0.18], whereas the rest and 2-Back conditions did not 
differ [Chapter 2; 94], t(35) = -0.22, p = 0.83, CI = [-0.08, 0.06]. As predicted, 
planned t-tests showed that memory performance was higher when learning was 
followed by the 2-Back condition, than by the rest+sounds condition, t(35) = 2.82, 
p = 0.008, [0.03, 0.18] (Figure 4.1D). We also found a trend towards statistical significance 
data, rest and rest+sounds conditions were compared on the proportion of thoughts related 
to SOTs, rest and mindwandering, using paired-samples t-tests. Since the critical difference 
between the rest and rest+sounds conditions was the presence of the sound cues, we tested 
whether there was a difference in memory retention between these conditions that correlated 
with the difference in overall degree of autobiographical thinking experienced during each 
condition (i.e., % of mindwandering in the case of rest condition vs. % of mindwandering + 
cued autobiographical thoughts in the case of rest+sounds condition). Finally, we also tested 
for a correlation between thought proportions reported in the questionnaire and associated 
memory performance in each condition by computing Spearman’s Rho, rs. All results were 
analyzed using IBM SPSS 23, and alpha was set at 0.05 throughout.
Results
Immediate recall scores (rest: M = 10.67, SD = 2.39; 2-Back: M = 10.97, SD = 2.20; 
rest+sounds: M = 10.78, SD = 2.42) did not differ significantly between the three encoding 
blocks, F(2, 70) = 0.033, p = 0.96, ηp
2 = 0.001, indicating that the quality of memory encoding 
matched across the three wordlists.
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in the interaction between delay condition type and delay condition order, on the proportional 
retention scores associated with the delay conditions (F(10, 60) = 1.94, p = 0.06, ηp
2 = 0.25). 
A post hoc LSD test showed that this interaction effect is related to a difference between 
the memory scores in two out of six order groups (p < 0.06), both of which ended with 
the 2-Back condition (see Table 4.1). No differences were found using other post hoc 
tests. Results of a paired t-test within the ‘Rest – Rest+Sounds – 2-Back’ order group 
reflected the main findings of the study: rest and 2-Back conditions did not differ from 
one another (p = 0.85), but both had a higher retention than the rest+sounds condition 
(p = 0.068 and p = 0.078, respectively). However, in the ‘Rest+Sounds – Rest – 2-Back’ order 
group, only the 2-Back condition showed higher retention than the rest+sounds condition 
(p = 0.04). Independent t-tests on individual conditions showed no differences across order 
groups. These results suggest a slight advantage to memory retention in delay conditions 
that occur either at the beginning or at the end, compared to the delay condition that occurs 
in the middle. It is also possible that the rest+sounds condition in the ‘Rest+Sounds – Rest 
– 2-Back’ order group casts proactive interference on the rest condition occurring next. 
However, no reliable conclusions can be drawn from this analysis due to a small sample size 
(n = 6) within each order group.
Average performance on the 2-Back task across subjects reached a mean accuracy of 
92%  (SD = 3%), with a mean d-prime of 2.58 (SD = 0.51) and a reaction time of 0.79 s 
(SD = 0.19 s), revealing that the participants adhered to the guidelines of the 2-Back task.
Figure 4.2: SOTs x Proportional Retention Correlation plots. (Left) X-axis corresponds 
to the proportion of stimulus-oriented thoughts (SOTs) related to the encoded wordlist during the rest 
condition. Y-axis corresponds to the proportional memory retention of the wordlist encoded prior to the 
rest condition. Plot represents the correlation between these measures (Spearman’s Rho, rs = 0.41, n = 36, 
p = 0.012). (Right) X-axis corresponds to the proportion of stimulus-oriented thoughts (SOTs) related to the encoded 
wordlist during the rest+sounds condition. Y-axis corresponds to the proportional memory retention of the wordlist 
encoded prior to the rest+sounds condition. Plot represents the correlation between these measures (Spearman’s 
Rho, rs = 0.03, n = 36, p = 0.86). Each dot represents a single participant and the dotted line represents best-fit linear 
trendline.
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Planned t-tests showed that the proportion of SOTs (rest: M = 9.02%, SD = 10.47, 
rest+sounds: M = 5.97%, SD = 7.54) was significantly higher during the rest condition than the 
rest+sounds condition (t(35) = 2.38, p = 0.02). The degree of SOTs during the rest condition 
deviated from normality with a positive skew and kurtosis, with a Shapiro-Wilk test showing 
very high significance (p < 0.001). There was also a significant correlation between SOTs 
with memory retention score obtained from the rest condition (Spearman’s Rho, rs = 0.41, 
n = 36, p = 0.012). This suggests that SOTs contributed to memory retention in the rest 
condition (see Figure 4.2 left-panel). Furthermore, upon removing two outliers in the SOT 
score, the correlation remained significant (rs = 0.48, n = 34, p = 0.004). The degree of SOTs 
during the rest+sounds condition also deviated from normality with a positive skew and 
kurtosis, Shapiro-Wilk test (p < 0.00). However, unlike the rest condition, no correlation was 
observed between the degree of SOTs and memory retention associated with the rest+sounds 
condition (rs = 0.03, n = 36, p = 0.86) (see Figure 4.2 right-panel). Moreover, the difference 
in degree of SOTs between the rest and rest+sounds conditions did not correlate significantly 
with the difference in the retention scores between the rest and rest+sounds conditions 
(rs = -0.13, n = 36, p = 0.47). This finding suggests that the degree of SOTs alone cannot 
explain the benefit of rest over rest+sounds condition.
Secondly, the proportion of mindwandering (i.e., spontaneous thoughts related to past/
present/future) (rest: M = 50.13%, SD = 20.33, rest+sounds: M = 40.69%, SD = 19.09) was 
also significantly higher during the rest condition than during the rest+sounds condition 
(t(35) = 2.78, p = 0.009). But the proportion of mindwandering during rest was 
significantly lower when compared with the proportion of overall autobiographical thinking 
(mindwandering + cued-autobiographical thinking) during the rest+sounds condition 
(M = 57.5%, SD = 18.65; t(35) = 2.058, p = 0.047). This result suggests that in the presence 
of familiar sound cues, participants did in fact engage in a higher degree of autobiographical 
thinking during the rest+sounds condition than during the rest condition. However, the 
difference between the degree of mindwandering during the rest condition and the overall 
autobiographical thinking during the rest+sounds condition did not correlate significantly 
with the difference in the retention scores between the rest and rest+sounds conditions (rs = 
0.132, n = 36, p = 0.44).
Third, the proportion of rest-related thoughts did not differ between the two rest 
conditions (t(35) = 1.20, p = 0.238). 
The experience-sampling questionnaire data (see Figure 4.1E) showed that participants 
reported mindwandering during both rest and rest+sounds conditions, while a majority (22 out 
of 36) also reported autobiographical thoughts related to sound cues during the rest+sounds 
condition. Regarding stimulus-oriented thoughts or SOTs, 25 participants reported to have 
intentionally or spontaneously thought about the learned words during the rest condition. This 
included 21 participants in the rest+sounds condition and 5 in the 2-Back condition. Four 
participants reported SOTs across all delay periods. Upon excluding these four participants, 
the main effect of the delay periods remained significant.
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Finally, during the 2-Back condition, ‘Task-related’ thoughts occupied the majority of 
this delay period (M = 92.3%, SD = 9.72), leaving little room for rest, SOTs or mindwandering 
as compared to other delay periods. No other questionnaire measures were found to correlate 
with memory performance in any of the conditions.
Discussion
Independent studies have shown that a period of quiet wakeful rest and a 2-Back task 
demonstrate comparable levels of memory consolidation, as measured later by behavioral 
memory performance [Chapter 2; 94], whereas a rest period involving cues for autobiographical 
thinking interferes when compared to a period of quiet wakeful rest [29]. Accordingly, the 
degree of autobiographical thinking in the post-encoding period might differentially affect 
memory consolidation. In this study, we tested this hypothesis in a within-subject design 
involving a 2-Back task that suppresses autobiographical thinking and a rest+sounds 
condition that promotes autobiographical thinking using sporadic cues of familiar sounds. 
These conditions were compared against a period of quiet wakeful rest serving as a baseline. 
We successfully replicated the results of previous studies [29, 94; Chapter 2] and provided 
supporting evidence for the idea that a post-encoding period involving a 2-Back task is better 
for the fate of memory consolidation than a rest period that triggers autobiographical thinking. 
Results from experience-sampling questionnaire substantiate our findings by showing that 
interference to episodic memory consolidation is related to the promotion and suppression 
of autobiographical thinking during the post-encoding period. We discuss these findings in 
separate sections below.
Rest vs. Rest+Sounds condition
Neurobiological studies have shown that a period of quiet wakeful rest is beneficial for 
consolidation by allowing higher opportunity for the automatic reactivation of recently 
acquired memories and minimal interference from external stimulation [11, 20, 43, 46, 84, 123]. 
However, recent findings also have shown that when the rest period contains intermittent 
cues promoting autobiographical thinking, the ongoing consolidation of the studied material 
suffers interference [29]. In the current study, we replicated this finding by demonstrating 
a significant difference in the memory retention of words learned prior to a period of quiet 
wakeful rest (rest condition) and a period of rest interspersed with familiar sound cues 
(rest+sounds condition). Data from the experience-sampling questionnaire (Figure 4.1E) 
supports our findings by showing that the rest+sounds condition, which had the lowest memory 
performance, was also associated with the highest proportion of overall autobiographical 
thinking (mindwandering + cued-autobiographical thinking). The lack of difference in the 
proportion of rest-related thoughts (such as meditation, relaxation, or absence of any specific 
thoughts), ruled out any disparity in the degree of rest experienced in either condition. 
However, the difference in memory performance between the rest and rest+sounds conditions 
did not correlate with any differences in the proportions of thought categories reported in the 
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questionnaire. It is possible that other factors also contributed to the reduction in memory 
performance associated with the rest+sounds condition, or that the questionnaire did not tap 
into factors responsible for interference to consolidation (see limitations section). There is 
ample evidence from neuroimaging studies suggesting that in order to reconstruct/relive past 
events and to create stimulations of novel future scenarios, autobiographical thinking draws 
on the same elaborate episodic memory processing as necessary for consolidation of recently 
acquired information [26-28]. In the same vein, our results show that the presence of familiar 
sound cues led to a marked increase in spontaneous autobiographical thinking as compared 
to a period of quiet wakeful rest. As a result, it is likely that the limited episodic memory 
resources need to be reallocated from ongoing consolidation to novel memory processing 
demands of concurrent goals like autobiographical thinking [11, 20].
Rest vs. 2-Back condition 
Unlike the effect of interference observed with the use of an autobiographical thinking task 
(rest+sounds condition) [29], the 2-Back condition did not differ from the rest condition in 
terms of subsequent memory performance. Our own research [Chapter 2; 94] has shown that 
post-encoding engagement in a 2-Back task leads to the same degree of memory consolidation 
as quiet wakeful rest, irrespective of memoranda, task designs and memory measures. While 
a rest period is considered ideal for consolidation of episodic memories, possibly due to 
higher chances of rehearsal [30] and a higher likelihood for automatic reactivation of the 
studied items [46], the issue of the similarity in memory performance across a 2-Back 
task and a quiet wakeful rest delay period requires further exploration of these different 
brain states.
Firstly, it is unclear why, unlike previous studies [29, 38], a large number of our participants 
experienced stimulus-oriented thoughts or SOTs during the delay periods. Regardless, 
data from the experience-sampling questionnaire indicates that quiet wakeful rest may be 
superior to the 2-Back task in terms of the opportunity it provides for SOTs. Conversely, in 
the case of the 2-Back condition, participants reported minimal SOTs as compared to other 
delay conditions, wherein the majority of thoughts were occupied by ‘Task-related’ (2-Back 
related) activities (Figure 4.1E). Furthermore, our analysis indicates that the degree of SOTs 
reported during the rest condition correlates with the memory retention of items learned prior 
to this period. However, the difference in the permissibility of SOTs may not be crucial in 
discriminating these post-encoding periods. Previous studies have also reported beneficial 
effects of post-encoding rest period even when the majority of participants did not engage in 
SOTs such as rehearsal [29, 38], or when the encoding material could not be rehearsed [20, 39]. 
Moreover, prior work has also shown that the benefit of rest periods on memory consolidation 
is unrelated to the extent of SOTs during rest [21, 48]. These findings indicate that it is 
not SOTs but, rather, memory reactivation that drives the benefit of memory consolidation 
during rest [40]. Nonetheless, our results indicate that in the presence of verbalizable 
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material, SOTs could benefit memory retention (similar to testing-effects, see [122]), 
especially when the post-encoding delay period involves quiet wakeful rest.
Nonetheless, rest is also associated with numerous complex processes, which involve 
both spontaneous and intentional processing of thoughts that are cued by both internal and 
external events [83, 128]. As stated previously, these resting-state processes may not only 
involve rehearsal of the studied items that promote consolidation, but also autobiographical 
thoughts that could interfere with the consolidation of studied items by reallocating resources 
necessary for such consolidation [46]. Similarly, it could be argued that the high proportion 
of thoughts related to mindwandering during the rest period (M = 50%) may have elicited 
novel encoding/retrieval that could have interfered with memory consolidation of the 
wordlist. Experience-sampling questionnaire data and 2-Back task performance showed 
that mindwandering during the 2-Back condition (e.g., experiences during task-engagement 
such as stress/boredom, time-monitoring) was minimal (M = 6%), since participants were 
continuously engaged in the task (RT = 0.7 s, mean accuracy = 92%).
In conclusion, although a 2-Back task may be disadvantageous due to reduced chances of 
automatic reactivation and SOTs, its non-episodic nature and continuous cognitive demands 
could benefit consolidation by reducing chances of interference from mindwandering or 
autobiographical thinking.
Rest+Sounds vs. 2-Back condition 
The critical difference between the 2-Back and rest+sounds conditions lies in the nature of 
memory processing required by these tasks. The stimuli and performance of a 2-Back task 
is working-memory dependent [52, 55], and, possibly, allows episodic memory resources to 
be utilized for consolidation of the studied wordlist, as opposed to autobiographical thinking 
[26-28], such as in the rest+sounds condition. Results from the experience-sampling 
questionnaire clearly show that the mere presence of familiar cues in the environment led to 
a sizeable increase in the overall amount of autobiographical thinking, experienced by the 
participants during an otherwise restful state (Figure 4.1E), whereas the continuous attentional 
demands during the 2-Back task suppressed spontaneous task-unrelated mindwandering.
 Regarding the possibility of stimulus-oriented thoughts or SOTs, the 2-Back task allowed 
for little to no opportunity (M = 1%), whereas around 6% of thoughts during the rest+sounds 
condition were associated with SOTs. Nonetheless, we suspect that any advantage that SOTs 
might have had on wordlist consolidation during the rest+sounds condition over the 2-Back 
condition, may have been undermined by the high amount of autobiographical thinking 
(M = 57%) that transpired in the rest+sounds condition (see Figure 4.1E).
On the basis of our results, we cannot conclude whether the benefit of the 2-Back 
condition over the rest+sounds condition was a direct consequence of the suppression of 
autobiographical thoughts during the 2-Back task. However, by replicating previous findings 
[29, 94; Chapter 2] within a single experiment, we do provide evidence that reduced 
levels of autobiographical thinking is associated with better memory consolidation. Future 
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neuroimaging work is necessary to further examine the effect of a 2-Back task on areas 
involved in autobiographical thinking and their interaction with consolidation of episodic 
memories.
Limitations
Even though we have been discussing the possible role of the hippocampus as promoting/
interfering with the ongoing memory consolidation of recently acquired memories, our 
study design was purely behavioral in nature. Thus, neuroimaging studies are warranted to 
corroborate any neural processing that we assume to be taking place.
Given the absence of explicit instructions to engage in autobiographical thought, 
participants may have attempted to find associations between the sound stimuli and the words 
in the list, or remember them for a future test. Moreover, we did not assess whether our 
participants were familiar with the sound cues in the rest+sounds condition. Although very 
unlikely, given the nature of the sounds used (everyday sounds such as ‘clapping, ‘playground’, 
‘clock’ etc.), it is still possible that one or more of the sounds may have surprised some 
participants and/or caused unconscious encoding of the unrecognizable sounds. Accordingly, 
we cannot completely rule out the possibility that the interference observed during the 
rest+sounds condition may be affected by factors other than autobiographical thinking.
Although we deferred the experience-sampling questionnaire to the end of the experiment 
to avoid any uncontrolled interference effects (similar to psychometric tests, see [16]), it 
is likely that this delay might have reduced accuracy or reliability in reports of thought 
proportions during the delay periods. If the questionnaire was administered immediately 
after the delay, we might have been able to evaluate whether the content or richness of 
autobiographical thoughts affected memory performance [29].
A final limitation of this study is that the gender distribution of the recruited sample 
included more women than men. We do not foresee any gender-related differences in terms 
of general episodic memory consolidation, but we acknowledge that the findings can only be 
generalized to a female population.
Conclusion
Neuroimaging research has shown that during downtimes like quiet wakeful rest, there is a 
boost in memory consolidation, probably due to a high degree of consolidation promoting 
processes, such as automatic reactivation of the memory traces [43, 46]. However, our 
present results indicate that rest may involve some aspect of interference from memory 
processing, such as autobiographical thinking that may hamper the ongoing consolidation 
process. Replicating previous research [29], we demonstrate that this effect is exacerbated 
in the presence of explicit environmental cues that could trigger novel encoding/retrieval of 
memories and future imaginations. In contrast, engaging in a demanding 2-Back task during 
the post-encoding period can reduce interference to consolidation of studied material by 
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suppressing spontaneous autobiographical thinking, similar to our previous study [Chapter 2; 
94]. Being able to compare these effects in a within-subject design, we conclude that 
the degree of autobiographical thinking modulates memory consolidation. In line with 
previous work [29], we find that tasks that promote autobiographical thinking by means of 
environmental cues can lead to interference to memory consolidation, whereas tasks that 
suppress autobiographical thinking by engaging in continuous working memory processing 
benefit memory consolidation [Chapter 2; 94]. It can therefore be concluded that our ability 
to maintain goal-directed episodic memory processing can result in a partial interruption 
of ongoing consolidation of recently acquired memories [43]. This tradeoff might be a 
necessary feature of memory-processing mechanisms that manifests itself in the allocation 
of our limited episodic memory processing resources. From an educational point of view, 
future research could study whether engaging in n-Back-like games or skill-development 
tasks, after a study session, could be used as learning aids that minimize forgetting of recently 
learned classroom materials in the presence of environmental stimulation.
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Summary & Discussion
The motivation behind this dissertation was to push against the known limitations of human 
memory system. Under the ideas propagated by a century of research, it is assumed that any 
mental effort or cognitive activity pursued during the immediate post-learning period could 
cause forgetting of the recently learned information [1, 2]. Providing an environment where 
no distractions could engage cognitive processes, for instance, a period of quiet wakeful rest 
(or sleep) could benefit memory consolidation. However, as detailed in the introduction, I 
postulated that it is the memory processing involved in the post-learning activities that could 
benefit or curtail ongoing memory consolidation. Previously used interference tasks like 
secondary list-learning, psychometric tests, spot-the-difference task, picture-naming task and 
autobiographical thinking task etc. [16-18, 29, 38, 39, 48-50], could engage episodic memory 
resources for their processing needs [27, 28]. Even in the absence of meaningful stimuli or 
episodic memory cues, such as in the case of a tone-detection task (identifying piano notes 
embedded in noise), consolidation may suffer interference from spontaneous mindwandering 
arising from low-task demands [18, 29]. To test this hypothesis, my experiments used a 
modified version of a widely used working-memory task, known as the n-Back task. By 
virtue of having non-meaningful stimuli (digits) and high attentional demands (n = 2 or 3), 
the n-Back task could minimize the chances of learning-unrelated episodic memory encoding 
or recall that trigger interference to ongoing consolidation. The modified n-Back task also 
displayed trial-by-trial feedback, encouraging participants to remain focused on the task 
so as to minimize spontaneous distraction. In the course of the experiments presented in 
this thesis, I tested the primary hypothesis by comparing the retention of items across delay 
periods involving quiet wakeful rest and the n-Back task. The influence of other cognitive 
processes like mindwandering and autobiographical thinking are also studied with regard to 
understanding the pre-requisites for interference to ongoing consolidation.
Summary of Findings
Chapter 2 started with a review suggesting that while the focus of prior research was to study 
the benefit of rest-based consolidation, the search for the causes of memory interference was 
largely ignored. Under this approach, it was argued that memory interference is caused by any 
sort of mental effort or cognitive activity that is not rest [1, 18]. I also discussed various tasks 
that were used to generate interference to memory consolidation, and emphasized that the 
complex processing and stimuli needed for these interference tasks prevented a clear scrutiny 
of the underlying mechanisms of memory interference. In order to study the matter more 
carefully, I designed experiments to specifically test the effects of both learning-related and 
unrelated activity during the post-learning period. Similar to studies that previously reported 
beneficial effects of rest-based consolidation [29, 38], the general paradigm involved post-
encoding periods filled with quiet wakeful rest or an n-Back task in a counterbalanced order. 
In the first two experiments, word-picture pairs or short wordlists were used as memoranda, 
and recognition and free-recall tests were used to test delayed memory performance. Results 
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showed that the memory performance of items learned prior to the two post-encoding delay 
periods did not differ. I repeated these experiments but modified the design of the n-Back 
task to adjust its difficulty (response duration) concurrently with ongoing task-performance, 
thereby accounting for individual differences in working-memory capacity or attention span. 
However, the results remained unchanged. 
The next attempt was to exhaust brain resources even further by using a 3-Back task as 
a third delay condition alongside the 2-Back task and rest conditions. Despite my attempts 
to enhance the likelihood of inducing interference by intensifying mental effort needed for 
the n-Back task, the memory retention of items learned prior to either n-Back task remained 
similar to those learned prior to the rest period. The lack of an interference effect in these 
five experiments indicated that the source of interference to consolidation does not lie in the 
general or learning-unrelated brain resources. As such, I turned my attention to areas that were 
primarily involved during learning. In the post-encoding delay periods, activity pertaining to 
the learning phase tends to linger on between the hippocampus and the region involved in 
the encoding [20]. Under my hypothesis, ongoing consolidation in the hippocampus should 
not suffer from interference if the encoding-related region is occupied in the processing of 
a post-encoding task. To test this in the final experiment, participants studied a set of faces 
during the encoding session, followed by an n-Back task that also involved faces as stimulus 
items. Similar to the previous five experiments, memory performance of the faces seen prior 
to the face n-Back task did not differ significantly from those seen prior to the rest period or 
the other n-Back task involving digits. This experiment provides supporting evidence to the 
hypothesis that interference to memory consolidation must demand sustained hippocampal 
engagement, which is minimal in the case of the n-Back task [52, 54], as compared to the 
known interference tasks. 
Overall, the aim of my approach was to exhaust, using the n-Back task, the processing 
resources of areas that were either specifically engaged in the prior encoding episode, or in 
general, non-episodic memory related processing [45]. Across the six different experiments 
detailed in Chapter 2, I tested the findings under different design parameters: increasing 
the difficulty of the n-Back task, adjusting the task-difficulty concurrently with task-
performance, using n-Back stimuli that is highly similar to encoded items, and measuring 
performance under both recall and recognition tests. None of these cases yielded any effects 
of interference due to the n-Back task as compared to an equally long period of rest [Chapter 2; 
94]. Two major implications arise from these results. First and foremost, since the degree 
of memory consolidation did not differ between a period of rest and an n-Back task, then 
rest might not be a necessary requirement for wakeful memory consolidation. Second, 
cognitively speaking, a period of “rest” is full of mental activity involving environment 
monitoring, stimulus-related thoughts, rehearsal, spontaneous mindwandering and intentional 
autobiographical thoughts [51]. Not all of these activities may be beneficial for consolidation. 
Autobiographical thoughts may be particularly detrimental given that such mental activity 
depends on brain areas responsible for memory consolidation, such as the hippocampus and 
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the default-mode network (DMN) [27, 28]. Although the n-Back task may not provide as 
many opportunities for learning-related thoughts as a period of rest, it is nonetheless known 
to suppress the DMN and remains largely independent of hippocampal activity [54, 55]. 
Therefore, although rest may provide less opportunity for external distraction as compared to 
the known interference tasks, and higher chances for learning-related thoughts, its similarity 
in retention with the n-Back task suggest that rest may also have an interfering component 
in the form of learning-unrelated episodic thoughts. As such, the beneficial effects of 
rest and the mental effort hypothesis proposed by Müller and Pilzecker [1, 2] may need 
refinement. Considering the complex nature of previously used interference task, and the 
lack of interference due to the n-Back task, the experiments detailed in Chapter 2 suggest 
that the primary requirement for memory interference may be the engagement of the episodic 
memory system in learning-unrelated but nonetheless episodic processes.
The experiments reported in Chapter 2 revolved around the idea that memory 
interference can be avoided if available brain resources are engaged in demanding, yet 
non-episodic memory tasks such as the n-Back task. A possible explanation for the lack of 
interference effects in these experiments could be that the participants found the material 
easy to remember, or that the amount of brain resources available for consolidation during 
the post-learning period exceeded the processing requirements of n-Back task. Given that 
all 176 participants tested in these experiments were young and healthy university students, 
the n-Back task may have been not demanding enough to exhaust their general cognitive 
resources for interference to occur. Therefore, to substantiate previous findings, I tested the 
effects of the n-Back task in a group of healthy older adults. Aging-related changes in the 
hippocampal and frontal systems are associated with a decline of episodic memory [96] and 
working-memory [97-99], making them generally more susceptible to memory interference. 
Another important aspect of ageing is a reduction in the tendency to mindwander [35-37]. 
Mindwandering about recently learned events could benefit memory consolidation [108], 
whereas mindwandering about unrelated events could interfere with memory consolidation 
[29]. As such, it was likely that the difference between rest and n-Back led consolidation 
periods in older adults depended on the content and the permissibility of mental effort spent 
in mindwandering. The design of this experiment remained similar to Exp. 1 described in 
Chapter 2; however, a questionnaire was added to the beginning of the experiment to measure 
general mindwandering tendency. Similar to the experiments described earlier, results of 
this study showed no overall difference in the retention of items learned prior to the n-Back 
task relative to the rest period. However, as suspected, results showed an interaction effect 
between the mindwandering tendency scores and the consolidation conditions. Participants 
who tended to mindwander more showed higher memory scores on items learned prior to 
the rest condition relative to the n-Back condition, and vice-versa. Results also showed 
that participants who had a higher score on the n-Back task tended to have higher memory 
retention of items learned prior to the n-Back condition. From these results, it can be concluded 
that a) even under reduced brain resources, mental effort in the form of n-Back task does 
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not cause memory interference, b) post-learning rest may not be the optimal strategy for 
wakeful memory consolidation in participants with reduced mindwandering tendency, and 
c) increased mental effort necessary for the n-Back task could benefit memory consolidation 
by a simultaneous suppression of learning-unrelated thoughts. Overall, the study shows that 
the effect of mental effort on memory consolidation is not as straightforward as previously 
thought. The directionality of the effect of mindwandering-like mental effort depends not 
just on the degree of available mental resources during the post-learning period, but also the 
content of such thoughts.
In the final study described in Chapter 4, the possibility of interference from mental 
effort is explored further. As previously stated, mental effort in the form of learning-unrelated 
autobiographical thoughts could be detrimental to memory consolidation [29]. In the next 
experiment, I aimed to quantify the degree and content of mental effort by asking participants 
to report the thoughts they experienced during the post-learning period. To delineate the type 
and permissibility of mental effort, the experiment involved three different post-encoding 
delay periods: rest, n-Back task, and a rest+sounds condition. During the rest+sounds 
condition, participants heard short, familiar sound-cues that could trigger autobiographical 
thoughts. Whereas the degree of mental effort in this condition may be lower than that during 
the n-Back task, the episodic nature of such effort has the potential of causing interference to 
consolidation. The design of this experiment was similar to previous experiments described 
in Chapter 2, but involved an experience-sampling questionnaire at the end of the experiment. 
In this questionnaire participants retroactively scored the proportions of thoughts related to 
various mental activities like rest, encoding stimuli, autobiographical thoughts, the n-Back 
task, and so on. Essentially, the questionnaire could be used to study the effects of mental 
activities on the memory performance associated with each of the delay periods. As before, 
results showed no difference in memory performance of items learned prior to the rest and 
n-Back conditions. However, a significant amount of forgetting was found in the rest+sounds 
condition. Unfortunately, the differences in the degree of autobiographical thoughts between 
the three conditions did not correlate with the differences in their memory performance 
scores. However, data from the questionnaire revealed some interesting findings. Firstly, 
I found that memory performance associated with the rest condition positively correlated 
with the degree of stimulus-related thoughts during the rest condition. Secondly, rest+sounds 
condition, which had the lowest memory performance of all conditions, was associated with 
the highest proportion of autobiographical thinking. Thirdly, although participants spent 
significantly more time thinking about the stimuli during the rest+sounds and rest conditions 
than the n-Back condition, memory performance associated with the n-Back condition was 
significantly higher than the rest+sounds condition and similar to the rest condition. Finally, 
the proportion of thoughts pertaining to the stimuli or autobiographical events was negligible 
in the n-Back condition. 
Together with the findings presented in Chapters 2 and 3, these results emphasize that 
the primary source of memory interference may not be unspecified mental effort, but in 
Summary & Discussion
85
5
fact novel episodic memory processing, such as autobiographical thoughts. Interference is 
reduced when mental effort is non-episodic, such as in the case of the n-Back task, regardless 
of its difficulty or stimuli. Although we presume that, once acquired, recently learned items 
are somehow ‘preserved’ in the brain, it may not be so. Mental activity in the form of novel 
learning, recalling old memories, or imagining future scenarios tend to occupy the same brain 
resources as necessary for ongoing consolidation [27, 28]. As such, every successive day-to-
day activity has the potential of erasing or modifying a prior experience. This may very well 
be an inbuilt mechanism by which the brain manages its limited storage resources while still 
allowing us to go about our everyday activities [43, 46]. Any goal-related activity, such as 
environment monitoring, language, emotion, sensorimotor processing or social cognition, 
can drain our limited brain resources. In case such an activity involves episodic memory 
processing, resources involved in ongoing consolidation could be reallocated to learning, 
recalling and consolidating new stimuli, thereby causing interference. One can limit such 
uncontrolled forgetting by allowing a short period of rest or by suppressing autobiographical 
thoughts using an n-Back task in the post-learning period.
Future Directions
Since the findings reported in this thesis arise from purely behavioral research, the underlying 
assumptions regarding resource allocation and implications to understanding of memory 
functioning lack a solid neurological foundation. Neuroimaging data is therefore needed 
to substantiate the theoretical basis of the effects of learning-unrelated activity on memory 
consolidation. The prominent perspective that emerges from this research is that post-
encoding consolidation can be affected positively or negatively by the absence or presence 
of novel episodic memory activity respectively, such as in the case of the n-Back task or 
autobiographical thinking, respectively. In essence, I suspect that there exists such a push-
and-pull of hippocampal resources towards and away from ongoing consolidation that could 
be measured in the form of changes in functional connectivity (Figure 5.1). For instance, 
Figure 5.1: Post-Encoding Hippocampal Resource Allocation. Medial view of the temporal lobe showing 
the Hippocampus and functional connectivity with the Inferior Temporal Cortex (ITC) and Posterior Cingulate 
Cortex (PCC). Ongoing consolidation related activity, such as reactivation is represented by the green arrow. The 
red arrow represents encoding-unrelated activity, such as autobiographical thinking.
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if learning material entailed objects, the degree of hippocampal-Inferior Temporal Cortex 
(ITC) connectivity arising from the reactivation of previously encoding of object stimuli 
(encoding-related episodic activity) [84] would alter if the post-encoding activity demands 
overlap with hippocampal resources (encoding-unrelated episodic activity).
In the case of an autobiographical thinking task, such as the rest+sounds condition 
described in Chapter 4, the presence of familiar sounds might evoke novel encoding, recall 
or simulation of episodic information. Autobiographical thoughts, being dependent on the 
hippocampus and the default mode network (DMN), may cause hippocampal resources to be 
diverted to the Posterior Cingulate Cortex (PCC), the primary node of the DMN [74]. It is 
likely that the difference in the degree of hippocampal-ITC connectivity, or hippocampal-PCC 
connectivity between the rest and rest+sounds conditions could correlate with the difference 
between memory performance scores associated with these conditions. Such a finding would 
provide critical evidence that memory interference stems directly from encoding-unrelated 
episodic activity, and can be measured in terms of the differences in resource allocation 
between post-encoding states.
In the case of n-Back condition, I suspect that hippocampal-ITC (encoding-related) 
connectivity might be reduced as compared to the rest condition. However, as prior studies have 
shown, activity in the PCC would also be suppressed due to the n-Back task [55, 76], possibly 
preventing interference from encoding-unrelated thoughts. As mentioned in Chapter 3, 
the n-Back task performance correlated with memory performance of items learned before 
the n-Back task. As such, the intensity of frontal activation or PCC suppression during the 
n-Back task can be hypothesized to correlate with subsequent memory performance. Existing 
Figure 5.2: Sample Experimental Design for fMRI Study. Figure represents three encoding-delay-test 
blocks. Each encoding session may involve intentional encoding of objects (fruits/vegetables, objects, animals) 
followed by a 9-minute long delay period. Delay period (scanning-phase) may involve rest (or 0-Back), 2-Back 
task or rest+sounds (autobiographical thinking) conditions in a counterbalanced order. The stimuli-type to delay-
type matching may be counterbalanced across subjects. Delay periods are followed by recognition test involving 
pictures of previously presented items intermixed with pictures of highly similar items, as lures. Each block could be 
separated further by short breaks involving resting-state questionnaire to measure proportions of thoughts related to 
stimuli, autobiographical thoughts, absence of thoughts or n-Back task related thoughts etc. Experiment could begin 
with a baseline rest condition (not shown in the figure) to measure resting state brain connectivity between regions 
of interest (e.g., hippocampus, ITC and PCC). 
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experiments could be enhanced by incorporating a) measurement of baseline rest connectivity, 
b) memory tests administered immediately after delay periods(see Figure 5.2) to avoid order 
effects that were seen in Chapter 3 and 4, c) resting state questionnaire [129] administered 
immediately after the delay period to sample participants’ experience and thought proportions 
as done in Chapter 4, d) pupillometry to measure spontaneous mindwandering [130], and e) 
parametric designs involving 0-Back, 1-Back and 2-Back tasks, or other demanding but non-
episodic tasks like the Tetris game would also be interesting.
‘Rethinking’ Mental Effort
A century of work in the area of episodic memory has suggested that a period of rest (or nap) 
immediately after learning benefits memory consolidation. According to this view, any mental 
effort in the form of subsequent learning or engagement in cognitive activities could cause 
forgetting by withdrawing brain resources from consolidation-relevant activities. However, 
results of the experiments presented in this thesis indicate that certain goal-oriented mental 
activities may promote memory consolidation to the same extent as post-encoding rest. These 
findings show that post-encoding ‘mental effort’ may not cause interference if it involves 
processing that is demanding enough to prevent spontaneous learning-unrelated thoughts, 
and remains independent of the hippocampus. In this way, episodic memory consolidation 
can go on, uninterrupted by post-learning activity. In particular, engaging in a modified 
version of the well-known n-Back task does not cause interference when compared to post-
learning rest. This finding is replicated across different memory tests, memoranda, difficulty 
levels of the n-Back task, and age groups of population. As such, the notion that any learning-
unrelated mental activity in the post-encoding period may cause interference needs a major 
revision. 
Past experiments have indeed shown that tasks such as picture-naming, psychometric 
tests or mental arithmetic lead to significant forgetting as compared to post-encoding rest. 
However, it does not necessarily follow that absence of any goal-oriented mental activity 
may be the only beneficial condition for consolidation. It almost seems as if rest was 
considered to be a quiet state of the brain, devoid of all mental effort, one that allows for 
ongoing consolidation to persevere undisturbed. But research has shown that the absence of 
externally directed cognition during rest does not necessarily make the brain inactive or free 
of interference. For instance, consider being asked, “What are you thinking about?” More 
often than not, the answer may be one that corresponds to one dominant thought or feeling. 
However, in the background, there is often an ongoing circus of thoughts - imaginations, 
dreams, plans, worries, and so on – some conscious, others subconscious. Even during a 
period of rest, the brain is full of activity, much of which is in the form of verbalizable 
thoughts, images and sensations. Much like all known interference tasks, rest too is a source 
of mental effort, perhaps less so than known interference tasks. 
If mental activity pervades all conscious brain states including rest, why is rest better for 
consolidation than other tasks? Alternatively, a more direct question is - what characteristics 
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does a mental activity need to possess in order to cause interference to ongoing consolidation? 
In my opinion, the answer to this question has eluded researchers as they focused on the stimuli 
of interfering tasks and not on background processes. When stimulated, our brain attempts 
to find order in the chaos of our thoughts, feelings and concerns rampant in the rest period. It 
lets us decide which of our thoughts is salient enough to deserve our attention, associates that 
with other existing thoughts, feelings and memories, helps us communicate it and act upon 
it. However, unbeknownst to us, it often allows that thought or mental activity to manifest 
itself as a memory for future reference, or updates a recently recalled memory. As such, every 
moment to moment, our brain makes new memories of the information we are currently 
processing, the ones we recalled from our past, and those we simulate when thinking of the 
future. These memories that accompany both task engagement and rest periods demand the 
same sort of processing as needed for ongoing consolidation. This is evidenced by research 
showing that our own thoughts, when cued by the environment, can cause interference to the 
memory consolidation of recently learned words [29]. Since brain resources are limited and 
environmental demands are never-ending, it is not surprising that episodic memory resources 
need to be redirected from ongoing consolidation to the processing of memories triggered by 
our current goals or task demands.
Considering this fact, the commonality between all interfering tasks may not be that they 
demand mental effort, but that they require or allow learning-irrelevant episodic memory 
processing to control brain resources in the backdrop of task performance. That may be the 
dominant reason why the degree of consolidation during the n-Back task does not differ from 
that attained from rest. Unlike tasks such as picture-naming or psychometric tests that cause 
interference, the stimuli used in the n-Back task (digits) do not need episodic encoding or 
recall. Being highly intensive, the n-Back task also precludes chances for autobiographical 
thinking, environment monitoring or rumination of present concerns. Essentially, it may 
work as a cognitive barrier against both external sources of memory interference as well as 
from our internal thoughts. The emphasis laid here on the effect of internal and subliminal 
activities on memory consolidation may be a crucial step in forcing memory research away 
from ‘external tasks’ that cause interference to ‘internal thoughts’ that cause interference.
Concluding Remarks
While most research work has been focused on casting rest (and sleep) as the hallmark 
of memory consolidation, the study of the causes of forgetting has languished. With the 
findings presented in this thesis, mental effort - the once all-encompassing cause of memory 
interference, should now be reexamined deeply. Although it is intuitive to think that the 
reverberation of learning-related activity needs to be preserved from interference for later 
memory success, it does not follow that absence of any goal-oriented mental activity is an 
essential prerequisite. Results of the experiments presented in this thesis show that goal-
directed mental activity is a rudimentary feature of both rest and task-related performance, 
and has the potential of causing interference to ongoing consolidation. Secondly, these 
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experiments further qualify that goal-directed activity might cause memory interference 
when it involves significant novel episodic memory processing, and not otherwise. It may be 
a necessary mechanism of the brain to preempt ongoing consolidation and redirect resources 
to the processing of such new memories, but at the cost of some forgetting. The crucial 
processing of such goal-directed action provides us the opportunity to function normally and 
attend to our priorities in the chaos of stimuli and sensations we experience every moment.
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1. Wat betreft dagdromen karakteriseer  
 ik mijzelf als iemand die…
 a. Nooit dagdroomt
 b. Zeer zelden dagdroomt
 c. Neigt naar af en toe dagdromen
 d. Neigt naar matig dagdromen
 e. Een voortdurende dagdromer is
2. Ik dagdroom…
 a. Zelden
 b. Een keer per week
 c. Een keer per dag
 d. Een paar keer per dag
 e. Vele malen per dag
3. Dagdromen of fantasieën beslaan …  
 van mijn gedachten overdag
 a. Geen enkel gedeelte
 b. Minder dan 10%
 c. Op zijn minst 10%
 d. Op zijn minst 25%
 e. Op zijn minst 50%
4. Wanneer ik tijd heb dagdroom ik…
 a. Nooit
 b. Zelden
 c. Soms
 d. Vaak
 e. Altijd
5. Ik vind mijzelf … actief aan het  
 dagdromen
 a. Zelden
 b. Een keer per week
 c. Een keer per dag
 d. Een paar keer per dag
 e. Vele malen per dag
6. Op school of werk dagdroom ik...
 a. Zelden
 b. Een keer per week
 c. Een keer per dag
 d. Een paar keer per dag
 e. Vele malen per dag
7. Wanneer ik mijn aandacht niet  
 volledig bij mijn baan, boek of tv  
 heb, ben ik in … geneigd om te gaan  
 dagdromen
 a. 0% van de tijd
 b. 10% van de tijd
 c. 25% van de tijd
 d. 50% van de tijd
 e. 75% van de tijd
8. Tijdens een lange bus, trein of  
 vliegreis, dagdroom ik …
 a. Nooit
 b. Zelden
 c. Soms
 d. Vaak
 e. Heel vaak
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Short Imaginal Process Inventory (Chapter 3)
The following questionnaire was used to measure Mindwandering Propensity of older 
adults. It is a modified and translated version of the Imaginal Process Inventory, originally 
developed by Giambra [111]. Note, question nos. 14, 15, 16, 18, 20, 22, 24, 28, 37, 38, 39, 
40 are formulated in the negative.
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9. In plaats van mensen of  
 gebeurtenissen in de wereld om mij  
 heen op te merken, ben ik  
 … verzonken in mijn gedachten
 a. 0% van de tijd
 b. Minder dan 10% van de tijd
 c. 10% van de tijd
 d. 25% van de tijd
 e. 50% van de tijd
10. Dingen herinneren van het verleden,  
 denken over de toekomst of het  
 verbeelden van ongewone  
 gebeurtenissen beslaat … van mijn  
 gedachten overdag
 a. 0%
 b. Minder dan 10%
 c. 10%
 d. 25%
 e. 50%
11. Wanneer ik bij een bijeenkomst of  
 show ben die ik niet zo interessant  
 vind, dagdroom ik liever dan dat ik  
 aandacht toon
 a. Nooit
 b. Zelden
 c. Soms
 d. Vaak
 e. Altijd
12. Ik herinner of denk over mijn  
 dagdromen …
 a. Zelden
 b. Een keer peer week
 c. Een paar keer per week
 d. Een keer per dag
 e. Een paar keer per dag
 f. Vele malen per dag
13. Ik ben geneigd om helemaal op te  
 gaan in mijn dagdromen
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
14. Ik kan ergens lang aan werken zonder 
 enig gevoel van verveling of onrust te 
 krijgen…
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
15. Ik kan ergens lang aan werken met  
 betrekkelijk weinig moeite…
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
16. Ik heb weinig moeite mij te blijven  
 focussen op een lange, vervelende  
 taak…
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
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17. Ik heb moeite om lange tijd  
 geconcentreerd te blijven…
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
18. Ik ben geneigd om helemaal op te  
 gaan en geïnteresseerd te zijn in  
 datgene wat ik doe…
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
19. Ik ben altijd blij als ik een excuus  
 vind om niet aan het werk te  
 hoeven…
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
20. Ik kan vrij goed studeren onder  
 luidruchtig, storende  
 omstandigheden…
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
21. Ik vind het lastig om mij te  
 concentreren wanneer de tv of radio  
 aanstaat…
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
22. Mijn vaardigheid om mij te  
 concentreren wordt niet verminderd  
 door iemand die praat in een ander  
 gedeelte van mijn huis of appartement
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
23. Ik vind het lastig om te lezen wanneer 
 iemand in een aangrenzende ruimte  
 telefoneert…
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
24. Ik ben niet makkelijk afgeleid…
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
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25. Gedurende een lezing of toespraak,  
 dwalen mijn gedachten vaak af…
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
26. Zelfs wanneer ik naar een interessante 
 spreker luister, dwalen mijn  
 gedachten af…
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
27. Tijdens een toespraak, bijeenkomst  
 of lezing, kom ik vaak tot het besef  
 dat ik geen enkel woord heb gehoord  
 van wat de spreker zei…
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
28. Ik heb zelden opgemerkt dat mijn  
 gedachten afdwaalden tijdens een  
 toespraak, concert,  
 show, radio of televisieprogramma…
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
29. Ik ben het soort persoon van wie de  
 gedachten vaak afdwalen…
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
30. Onafhankelijk van hoe hard ik  
 probeer mij te concentreren,  
 gedachten die niet gerelateerd  
 zijn aan mijn werk sluipen altijd  
 mijn hoofd binnen…
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
31. Er is altijd iets wat door mijn hoofd  
 gaat.
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
32. Mijn gedachten stoppen nooit.
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
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33. Ik ben altijd aan het denken.
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
34. Mijn gedachten lijken vaak door  
 mijn hoofd te razen.
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
35. Gedachten jagen met grote snelheid  
 door mijn hoofd.
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
36. Wanneer ik alleen ben, blijven mijn  
 gedachten door mijn hoofd razen.
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
37. Af en toe ben ik mij niet bijzonder  
 bewust van een gedachte in mijn  
 hoofd tijdens de dag.
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
38. Mijn hoofd is vaak leeg.
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
39. Ik heb vaak perioden waarin ik  
 mij niet bijzonder bewust ben van  
 mijn gedachten.
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
40. Heel vaak is er helemaal niks wat  
 door mijn hoofd gaat.
 a. Helemaal niet waar
 b. Meestal niet waar
 c. Meestal waar
 d. Waar
 e. Helemaal waar
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Bijna een eeuw onderzoek naar het episodisch geheugen – het geheugen voor persoonlijke 
gebeurtenissen – heeft laten zien dat een periode van rust (of slaap) na het leren de consolidatie 
van herinneringen faciliteert. Volgens deze visie zou daarom iedere vorm van mentale 
inspanning – bijvoorbeeld het uitvoeren van een andere cognitieve taak – tot een slechtere 
consolidatie moeten leiden, en dus tot vergeten. De resultaten van de experimenten in dit 
proefschrift laten echter zien dat bepaalde doelgerichte mentale activiteiten na inprenting 
de geheugenconsolidatie in dezelfde mate kunnen versterken als een periode van rust. 
De bevindingen tonen aan dat mentale activiteit na inprenting van nieuwe stimuli niet tot 
interferentie leiden wanneer deze voldoende inspanning vereist om spontane afdwalende 
gedachten te voorkomen die niet aan het geleerde materiaal gerelateerd te zijn. Dergelijke 
activiteit staat waarschijnlijk los van de hippocampus, het hersengebied dat voor consolidatie 
verantwoordelijk is. Consolidatie kan op deze manier dus gewoon plaatsvinden, zonder 
verstoring door de mentale activiteit na het leren. Specifiek hebben we gekeken naar een 
aangepaste versie van de n-backtaak, een werkgeheugentaak die inspanning vereist, maar 
geen interferentie tot gevolg heeft als deze na het leren wordt uitgevoerd, vergelijkbaar met 
een periode van niets doen (rust). Deze bevinding is in een aantal experimenten gerepliceerd, 
met verschillende geheugentaken, stimuli, moeilijkheidsgraden van de n-backtaak en 
leeftijdsgroepen. De conclusie van al deze studies is dan ook dat de idee dat mentale activiteit 
die niets te maken heeft met de geleerde stimuli na de inprentingsfase tot een slechtere 
geheugenprestatie leidt, herzien moet worden.
Eerdere studies hebben echter wel dergelijke effecten aangetoond. Taken zoals het 
benoemen van plaatjes, neuropsychologische tests of hoofdrekenen bleken in deze studies 
tot meer interferentie te leiden dan een periode van mentale rust. Hieruit volgt echter niet 
noodzakelijkerwijs dat de afwezigheid van een doelgerichte mentale activiteit als enige de 
consolidatie bevordert. Er werd gedacht dat een periode van rust een ruststand van de hersenen 
zonder enige activiteit tot gevolg had, waardoor consolidatie ongehinderd kon plaatsvinden. 
De afwezigheid van een cognitieve taak zorgt er echter niet voor dat onze hersenen inactief 
worden of dat er geen verstoringen kunnen plaatsvinden. Wanneer u bijvoorbeeld wordt 
gevraagd aan te geven waaraan u op het moment denkt, zal het antwoord waarschijnlijk 
de dominante gedachte bevatten. Tegelijkertijd zullen er echter heel veel andere gedachten, 
plannen of zorgen op de achtergrond aanwezig zijn geweest, die niet allemaal even sterk zijn. 
Ook tijdens een periode van rust zijn onze hersenen actief en ervaren we allerlei spontane 
gedachten, visualisaties en sensaties. Net als veel interferentietaken is rust derhalve ook een 
vorm van mentale activiteit, hoewel waarschijnlijk in een mindere mate.
Als mentale activiteit altijd doordringt tot ons bewustzijn, zelfs tijdens rust, waarom zou 
rust dan consolidatie kunnen verbeteren ten opzichte van het uitvoeren van andere taken? 
Anders gezegd, wat moeten de eigenschappen zijn van een mentale activiteit opdat deze 
interfereert met het consolidatieproces? Het antwoord op deze vraag is nog open, omdat 
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onderzoek vaak teveel gericht is op de stimuli van de interferentietaak in plaats van op de 
mentale processen die op de achtergrond plaatsvinden. Wanneer de hersenen gestimuleerd 
worden, proberen deze orde te scheppen in de chaos van gedachten, gevoelens en zorgen 
die tijdens een rustperiode opspelen. De hersenen zorgen ervoor dat we kunnen beslissen 
welke van deze gedachten belangrijk genoeg is om aandacht aan te schenken, of we deze 
met andere gedachten, herinneringen of gevoelens moeten gaan verbinden, of we hierover 
moeten communiceren of dat we hierop moeten reageren. Ook zorgen de hersenen ervoor 
dat een dergelijke gedachte een toekomstige herinnering wordt of een bestaande herinnering 
updatet, vaak zonder dat wij dit door hebben. Onze hersenen maken op deze manier nieuwe 
herinneringen op basis van de informatie die we op dit moment aan het verwerken zijn, 
op basis van eerdere ervaringen uit het verleden, of op basis van gedachten gericht op de 
toekomst. Deze herinneringen, die tegelijk optreden met zowel taakactiviteit als rust, doen een 
beroep op dezelfde consolidatieprocessen. Dit wordt ondersteund door onderzoek dat heeft 
aangetoond dat onze eigen gedachten de consolidatie van een recent geleerde woordenlijst 
kunnen verstoren, wanneer deze gedachten door de omgeving worden uitgelokt. Omdat ons 
informatieverwerkingssyteem een beperkte capaciteit heeft, terwijl de prikkels en eisen vanuit 
de omgeving oneindig zijn, is het niet verrassend dat de episodische-geheugencapaciteit 
ten koste gaat van de consolidatie wanneer andere herinneringen verwerkt moeten worden 
wanneer de huidige situatie daarom vraagt. 
De gemeenschappelijke factor tussen de verschillende interferentietaken ligt 
waarschijnlijk niet in het feit dat ze mentale inspanning vereisen, maar dat ze een beroep 
doen op episodische geheugenprocessen die nodig zijn om mentale achtergrondactiviteit uit 
te voeren, los van het te leren materiaal. Dit kan verklaren waarom de consolidatie tijdens het 
uitvoeren van een n-backtaak niet verschilt van een rustperiode. Anders dan taken zoals het 
benoemen van plaatjes of het doen van neuropsychologische tests die tot interferentie leiden, 
doen de stimuli van de n-backtaak (cijfers) geen beroep op het episodisch geheugensysteem. 
De taak vereist echter wel een grote mentale inspanning, waardoor automatische gedachten 
over iemands leven (autobiografische gedachten), piekeren, of het in de gaten houden wat er 
in de omgeving gebeurt, niet mogelijk zijn. Deze taak kan derhalve als een soort ‘cognitieve 
barrière’ werken tegen externe bronnen van geheugeninterferentie en intern gegenereerde 
gedachten. De nadruk die in dit proefschrift ligt op het effect van interne en subluminale 
activiteiten op geheugenconsolidatie kan daarom een belangrijke stap zijn die ervoor zorgt 
dat het geheugenonderzoek zich niet alleen op externe taken als interferentiebron richt, maar 
ook op de verstorende effecten van interne gedachten.
Hoewel het meeste onderzoek zich heeft gericht op rust en slaap als cruciale factor voor 
een optimale geheugenconsolidatie, heeft het onderzoek naar de oorzaken van vergeten 
weinig aandacht gekregen. Op basis van de bevindingen in dit proefschrift verdient het begrip 
mentale inspanning meer aandacht in toekomstig onderzoek. Intuïtief moet het geleerde 
materiaal mentaal verwerkt worden, zonder dat er verstoring optreedt, zodat dit optimaal 
onthouden kan worden. Dit betekent echter niet dat de afwezigheid van een doelgerichte 
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mentale activiteit een essentiële voorwaarde is voor een goede consolidatie. De studies in 
dit proefschrift hebben laten zien dat doelgerichte mentale activiteit zowel bij rust als bij 
taakuitvoering optreedt, die beiden het consolidatieproces kunnen verstoren. Ook hebben 
mijn experimenten laten zien dat doelgerichte activiteit tot geheugeninterfentie kan leiden 
wanneer deze een beroep doet op nieuwe, episodische geheugenprocessen, en niet verstorend 
werkt wanneer dit niet het geval is. Wellicht is dit een noodzakelijk cognitief mechanisme 
om consolidatie te richten op het verwerken van dergelijke nieuwe informatie, ten koste van 
een consolidatieproces dat reeds in gang is gezet, met enig vergeten als gevolg. Dit geeft ons 
de mogelijkheid om goed te kunnen functioneren en prioriteiten te stellen in de chaos van 
stimuli en sensaties die we voortdurend ervaren.  
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Donders Graduate School for Cognitive Neuroscience
For a successful research Institute, it is vital to train the next generation of young scientists. 
To achieve this goal, the Donders Institute for Brain, Cognition and Behaviour established 
the Donders Graduate School for Cognitive Neuroscience (DGCN), which was officially 
recognised as a national graduate school in 2009. The Graduate School covers training at 
both Master’s and PhD level and provides an excellent educational context fully aligned with 
the research programme of the Donders Institute. 
The school successfully attracts highly talented national and international students in biology, 
physics, psycholinguistics, psychology, behavioral science, medicine and related disciplines. 
Selective admission and assessment centers guarantee the enrolment of the best and most 
motivated students.
The DGCN tracks the career of PhD graduates carefully. More than 50% of PhD alumni show 
a continuation in academia with postdoc positions at top institutes worldwide, e.g. Stanford 
University, University of Oxford, University of Cambridge, UCL London, MPI Leipzig, 
Hanyang University in South Korea, NTNU Norway, University of Illinois, North Western 
University, Northeastern University in Boston, ETH Zürich, University of Vienna etc.
Positions outside academia spread among the following sectors: 
-  specialists in a medical environment, mainly in genetics, geriatrics, psychiatry and 
neurology,
- specialists in a psychological environment, e.g. as specialist in neuropsychology, 
psychological diagnostics or therapy, 
-  higher education as coordinators or lecturers. 
A smaller percentage enters business as research consultants, analysts or head of research 
and development. Fewer graduates stay in a research environment as lab coordinators, 
technical support or policy advisors. Upcoming possibilities are positions in the IT sector 
and management position in pharmaceutical industry. In general, the PhDs graduates almost 
invariably continue with high-quality positions that play an important role in our knowledge 
economy.
For more information on the DGCN as well as past and upcoming defenses please visit:
http://www.ru.nl/donders/graduate-school/phd/
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